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Abstract
Traffic safety has always been a relevant topic since driving and mobility have
become an important aspect in daily life. Over the years, vehicles have improved
constantly regarding traffic safety aspects. However, in most traffic accidents not
the vehicle nor the environment is at fault. Studies have found that in most cases
accidents are caused due to human error. With dangerous and aggressive driving
maneuvers some drivers expose themselves and others to a risk. Regarding
teenage drivers, car accidents are the leading cause of death.
Several approaches were developed over the last years with the aim to identify
those drivers to help them to improve their driving behavior. Large commercial
fleets equip their cars with special developed devices to identify dangerous
drivers. In addition, insurance companies and parents are interested in system that
help them to observe their customers/children to identify and negate potential
risks.
This thesis will explorer how modern smartphones could aid drivers in the
traffic environment. With constantly rising smartphone sells and the possibilities
modern ones offer, smartphones represent a great development platform. The
thesis will present a mobile application developed for an iPhone 4 that analyzes
and rates driving based on internal sensor data. The application only relies on its
own capabilities and provides real-time feedback as well as it allows the user to
review his driving later on and to compare it to other users.
An user test was performed to validate that the system is able to identify
risky driving actions. The experiment showed that the application is able to simu-
late a passenger’s view regarding certain driving actions. Thus, the application is
able to act as an objective personal driving observer.
xvi Abstract
xvii
U¨berblick
Die Verbesserung der Verkehrssicherheit und das Verhindern von Unfa¨llen war
schon immer ein wichtiges Thema. U¨ber die Jahre hinweg wurde die Sicherheit
von Fahrzeugen stets verbessert. Die meisten Verkehrsunfa¨lle werden jedoch
durch menschliches Fehlverhalten verursacht. Mit gefa¨hrlichen und aggres-
siven Fahrmano¨ver bringen Fahrer sich und andere in Gefahr. Gerade unter
Jugendlichen sind Verkehrsunfa¨lle fu¨r einen großen Prozentsatz der Todesfa¨lle
veranwortlich.
In den letzten Jahren wurden verschiedene Ansa¨tze entwickelt, um riskante
Fahrweisen und Fahrer zu identifizieren und entsprechende Schritte zur Verbess-
rung einzuleiten. Vor allem große Logistikunternehmen nutzen solchen System
und ru¨sten ihre Fahrzeuge mit speziell entwickelten Gera¨ten aus. Daneben sind
auch Versicherungen und Eltern an solchen System interessiert, die ihnen helfen
ihre Kunden bzw. Kinder zu beobachten und potenzielle Risiken zu negieren.
In dieser Arbeit wird untersucht wie moderne Smartphones Fahrer im Verkehrs-
geschehen unterstu¨tzen ko¨nnen. Die stetig steigenden Absatzzahlen im Smart-
phonebereich und die Mo¨glichkeiten, die moderner Smartphones bieten, machen
diese Gera¨te als Entwicklungsplattform interessant. Es wird eine mobile Anwen-
dung fu¨r das iPhone 4 pra¨sentiert, die das Analysieren und Bewerten des Fahrstils,
beruhend auf den interne Sensor-Daten des Smartphones, mo¨glich macht. Der hier
vorgestellte Ansatz stu¨tzt sich nur auf die eigenen Fa¨higkeiten des Smartphones
und bietet Echtzeit-Feedback. Zusa¨tzlich erlaubt es dem Benutzer seine Fahrt
spa¨ter auszuwerten und sich mit Anderen zu vergleichen.
Mit Hilfe eines abschließenden Usertests wird u¨berpru¨ft, ob das System in
der Lage ist riskante Fahrweisen zu identifizieren. Der Test zeigt, dass der App-
likation in der Lage ist Passagiere zu simulieren. Dies macht die Applikation zu
einem objektiven perso¨nliche Fahrassitenten, den jeder Besitzer eines iPhone bzw.
Smartphones nutzen kann.
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Conventions
Throughout this thesis we use the following conventions.
Text conventions
Definitions of technical terms or short excursus are set off
in colored boxes.
EXCURSUS:
Excursus are detailed discussions of a particular point in
a book, usually in an appendix, or digressions in a writ-
ten text.
Definition:
Excursus
Source code and implementation symbols are written in
typewriter-style text.
myClass
The whole thesis is written in American English.
Download links are set off in colored boxes.
File: myFilea
ahttp://media.informatik.rwth-aachen.de/∼ACCOUNT/thesis/folder/file number.file
In boxplot diagrams, the whiskers extend to the maximal
and minimal values. The lower box boundary represents
the 25% percentile and the upper boundary the 75% per-
centile. The line inside the box indicates the median.

1Chapter 1
Introduction
“Imagination is more important than
knowledge...”
—Albert Einstein
Traffic safety has always been a relevant topic since driving Most traffic accidents
are caused by
human error
and mobility have become an important aspect in daily life.
Car manufacturers have invented car systems like the anti-
lock braking system (ABS) and the electronic brake force
distribution (EBD) to increase safety on roads. These im-
provements helped to reduce the fatality rate in car acci-
dents . While car manufacturer are focused on improving
the car itself, accidents caused due to human error are not
affected. According to Rumar [1985] 57% of all traffic acci-
dents in the United States and Great Britain are based solely
on the driver. Because of that, in addition to the car cen-
tered approach, the driver himself has to be supported and
guided to lower the overall crash rates.
There were more than 5.5 million reported vehicle crashes 1.2 million people die
on roads each yearin the U.S. in 2009 with 1.52 million that resulted in an
injury (DoT [2011]). According to the Statistische Bunde-
samt, 2.4 million accidents including 288.297 injuries were
recorded by the police in Germany 1 . Although the fatality
rate decreases, the number of car accidents detected by the
1https://www.destatis.de/DE/Publikationen/WirtschaftStatistik/
Verkehr/Unfallentwicklung2010.pdf
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police are higher than in previous years. Globally over 1.2
million people die in vehicle accidents and 20 to 50 million
suffer non-fatal injuries (WHO [2004])(Peden and Organi-
zation [2004]). Especially for teens at the age from 16 to 19
car crashes are the leading cause of death with 30% in the
United States.
In 3—“Related work” several approaches regarding sys-Current approaches
require additional
hardware and setup
tems to lower these numbers and increase traffic safety are
presented. Most of them include several devices that are
installed in the car and provide feedback and suggestions
to the driver. 3.1—“iDriveSafe” for example is a system
which uses the On Board Diagnostics II (OBD-II) interface
to gain access to the vehicle’s internal system and use this
data to process suggestions to the user on a mobile phone.
Other systems like 3.8—“DriveCam” use custom designed
devices that are installed in the car. These approaches have
in common that they require extra hardware and a proper
setup. This makes these approaches expensive and de-
creases the usability due to the complex installation for end
users.
Commercial fleet operators are highly interested in suchIdentify dangerous
driving behavior to
improve it
systems. Several approaches during the last years showed
that solutions aimed on the driver’s skills can reduce the
amount of crashes and the related costs within the fleet.
Another party interested in that kind of systems are insur-
ance companies because every crash less safes money. In
addition rating the driver’s skills in an automatic and objec-
tive helping these companies to set the insurance premium
amount to a value tailored on the specific driver. Several
studies also show the interest of parents in such systems.
Knowing the above presented facts on traffic accidents, this
seems understandable. Beside the examples mentioned one
could imagine several other use cases. They all have in
common that they aim to identify dangerous/unsafe driv-
ing behaviors and drivers to take further steps in educating
the drivers and to lower the overall crash risk.
In the last years smart phones became very popular andSmartphones
becoming
omnipresent
accessible to everyone. Solely in 2011, up to 487.7 mil-
lion smartphones were shipped world wide. That is an in-
3crease of 62.7% compared to 2010 with tendency to rise 2
. In addition, the processing power of these devices goes
up constantly. Modern smartphones include a lot of sen-
sors like GPS, accelerometer, gyroscope and magnetome-
ter. This increases the range of possible mobile applications
and through the large number of smartphone sales, making
them available to a large number of people.
The aim of this thesis was to build a mobile application Building a mobile
application to
analyze and rate
driving
that analyzes and rates driving. The analysis and rating
should help drivers to get objective feedback on their driv-
ing skills, helping them to improve their driving. The rat-
ing represents a passenger’s impression about the driving
style as well as his judgment regarding certain driving ac-
tions. A passenger’s impression is a good indicator for a
safe driving style because he can use his experience to judge
good from bad actions and is able to identify unnecessary
actions. In addition, passengers perceive driving actions
different than the driver because they are not in control.
By not knowing the next driving actions, a passenger per-
ceives events like acceleration, hard braking and turning,
stronger. Thus, even when the driver determine his driv-
ing as safe, a passenger could have a different opinion.
This thesis investigates the research question if it is possi-
ble to build a mobile application that is able to simulate a
passenger’s impression and judgment about certain driv-
ing actions and driving as a whole. It contributes to the
field of current research by presenting a mobile application
that can reliably simulates a passenger’s perception regard-
ing three kinds of driving actions. The application is able to
give real-time feedback about four different kinds of events.
Compared to other approaches, this application makes use
of the smartphone integrated capabilities only and thus re-
quires no additional hardware. This allows everyone with
access to a smartphone to use it. Through the existence
of for example the App Store it is possible to distribute
mobile applications globally and making them available to
all smartphone owners. It represents a promising starting
point in increasing driving safety by showing in later eval-
uations that the application can successfully judge driving
2http://www.canalys.com/newsroom/smart-phones-overtake-
client-pcs-2011
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behavior from a passenger’s point of view.
The thesis will start to explain theoretical research about
driving and accidents, including possible contributing fac-
tors in 2—“Theory”. It includes a long-term study which
was executed with the aim to learn more about driving,
accidents and characteristics of the involved drivers (2.1—
“The 100-Car Naturalistic Driving Study”). After this, the
problem of anonymity in traffic and a successful solution to
that is presented in 2.2—“How’s my Driving placard”.
In chapter 3—“Related work”, several approaches regard-
ing driving safety improvements that make use of smart-
phones are presented. It also includes general research
about modern smartphones and their effect on driving.
Most approaches use additional hardware and software
and make use of the smartphone to provide feedback.
Chapter 4—“Design Approaches & Ideas” will describe ini-
tial ideas and thoughts regarding the design and purpose of
the application. It includes a brainstorming mind map and
states which of the ideas can be accomplished by using an
iPhone 4. Later it describes three use cases illustrated with
storyboards.
Chapter 5—“Implementation” gives a closer look at the im-
plementation. This includes explanation about the motion
filtering (5.2—“Filter Sensor Data”) as well as the rating cal-
culation (5.3—“Rate Driving”).
In 6—“User Interface”, the interface of the application and
the way the feedback is presented is explained in detail.
The chapter describes various functions of the system and
includes detailed information how the application is used
and how the user is able to evaluate his trips.
7—“Evaluation” presents two user-tests. The first user test
consists of an experiment to estimate patterns that differ-
entiate normal driving actions and possible unsafe ones
from each other (7.1—“Determining Boundaries”). In 7.2—
“System Validation” the system created, using the findings
from the first experiment, is evaluated. This evaluation fo-
cuses on the correlation between the application and other
passengers in the car, both rating the same driver.
5Finally, a summary of the thesis is given in 8—“Summary
and Future Work”. The chapter recaps the contribution to
current research and summarizes what has been achieved
in this thesis. It finishes by talking about future research
areas and work regarding the presented approach.
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Theory
Many investigates focus on vehicle accidents and it’s con- Investigating
contributing factors
that lead to accidents
tributing factors that benefit accidents. The aim of these
analysis is to identify characteristics in the driver’s person-
ality and physical factors that lead to car accidents. Know-
ing these could help to build systems that identify risky
driving behaviors to establish supporting actions to lower
the chance of accidents.
At first, the chapter will present a study that researched
driver related contributing factors in accidents. It is one of
the first studies that observed drivers over the time of one
year. It includes several questionnaires and sensor data that
was evaluated afterwards, making it possible to identify
reasons leading to crashes. After that, an approach relying
on the feedback of other drivers is explained. Although the
approach itself is rather simple, it could successfully lower
crash rates and crash costs in commercial fleets. This suc-
cess gives hints about how potential solutions could be de-
signed.
8 2 Theory
2.1 The 100-Car Naturalistic Driving
Study
Starting in August 2001, the National Highway Traffic
Safety Administration (NHTSA) developed a study namedObserving 100
drivers for a year to
better understand
crashes
“The 100-Car Naturalistic Driving Study” (Neale et al.
[2002]). The aim of this study was to observe drivers over
the period of one year and collect data to investigate con-
tributing factors to crashes, near-crashes and incidents.
Study buildup
In February 2009, the NHTSA published a report compar-
ing real-world behaviors of drivers with high versus low
rates of crashes and near-crashes (Klauer et al. [2009]). This
study used the data collected from 109 participants in the
above mentioned long term study.
To collect all the data, the NHTSA used an instrument pack-NHTSA used a
special developed
instrument-package
for data collection
age developed by the Virginia Tech Transportation Insti-
tute. It includes several independent sensors combined in
a network as well as a Pentium-based computer. It was de-
veloped over a 15-year period. It includes:
• A connection to the vehicle network
• An accelerometer to detect forces in the car
• Multiple cameras as well as sensors for side obstacle
detection
• A GPS subsystem to store vehicle location informa-
tion
• An incident push-box to allow participants to flag
events for researchers
Due to the length of the study, recording non-stop wouldPredefined triggers
mark important data require a lot of hard discs or regular downloading of the
data. To reduce the amount of data being stored and eval-
uated, triggers were defined which flag recorded data for
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further research. The data 60 seconds prior to 30 seconds
after the event were stored.
In the recruitment process of finding participants, drivers
that drive very safe or very unsafe were avoided. The sub-
jects could choose whether to use their own car or to receive
leased vehicles. Since 100 cars have to be equipped with the
instrument package, the possible vehicle types were limited
to six. This also guaranteed that system works with the ve-
hicle network. 78 Subjects used their own cars whereas 22
used leased ones.
Figure 2.1: Driver classification used in the 100-Car Natu-
ralistic Study
To research the different behaviors of safe versus unsafe Classifying drivers
into safe, moderate
safe and unsafe
drivers, the subjects had to be classified into categories. To
do so, crashes/near-crashes per million vehicle miles trav-
eled (MVMT) were compared for each participant. The
mean of this crash rate per MVMT is used to separate safe
from unsafe drivers. To get a higher separation between
the two groups, some analysis used a three group model
including a category named moderate safe drivers. Fig-
ure 2.1 shows the frequency of crashes and near crashes per
MVMT and displays the limits used to classify each driver.
In summary, this resulted in 72 safe drivers and 29 unsafe
drivers, or using the second model in 39 safe, 47 moderate
safe and 15 unsafe drivers.
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Figure 2.2: Lateral Acceleration frequency per MVMT for safe, moderate safe and
unsafe drivers Klauer et al. [2009]
Study results
The research about significant differences between these
groups ranges from demographics and psychological as-
pects, up to environmental conditions and potential pat-
terns indicating unsafe driving. This also includes several
questionnaires. Only results relevant to this thesis will be
discussed. Other outcomes of this study can be seen in the
original document.
The NEO Five-Factor Inventory’s (Costa and McCrea
[1992]) agreeableness scale measures altruistic and sympa-
thetic tendencies compared to egocentric and competitive
ones. The higher a driver scores on this scale, the more he
is concerned about other drivers nearby. Low scores indi-
cate that driving is seen more as a competition.
Comparing safe and unsafe drivers using the agreeablenessUnsafe drivers view
driving as a
competition
scales shows that the safe driver group scores significantly
higher than the unsafe driver group. This attitude can be
used to build a system which raises competition in a way
that participants challenge each other for the safest driving
style. This attitude is also related to road rage (James and
Nahl [2000]) and aggressive driving (Tasca [2000]).
Studying and searching for potential patterns between the
groups, researches focused on lateral acceleration , longi-
tudinal acceleration , longitudinal deceleration and swerv-
ing. Again, the frequencies of those events per MVMT were
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Figure 2.3: Longitudinal Deceleration frequency per MVMT for safe, moderate safe
and unsafe drivers Klauer et al. [2009]
observed. Acceleration is measured in gravitational force
(g-force). The g-force associated with an object is its ac-
celeration relative to free-fall. On Earth, 1g corresponds to
9.81m/s2. All measurements are grouped into seven levels
ranging from 0.30g to 0.99g.
Lateral acceleration is measured in g-force and is a result Unsafe drivers
reached higher
lateral acceleration
levels more
frequently
of the driver turning the steering wheel. Figure 2.2 shows
the frequency for each level per driver group. Post hoc
Tukey tests show that safe drivers reached all the seven
levels significantly less often than the moderate safe and
unsafe drivers. Moderate safe drivers reached these lev-
els significantly less often than the unsafe drivers, too. En-
gaging turns in shorter radius or at higher speed could be
a contributing factor in the higher involvement in crashes
and near-crashes of the unsafe drivers. An explanation for
this could be that when engaging turns at a high speed,
the time, the driver has to react to unexpected events, is
reduced.
Longitudinal acceleration is the effect of the driver pressing
the gas pedal or releasing the brake pedal. Compared to the
level of acceleration ranging from 0.30-0.39g, stronger lon-
gitudinal accelerations were very rare and thus no signif-
icant differences could be found. Nonetheless, a post hoc
Tukey test shows that unsafe drivers reached the first level
of longitudinal acceleration significantly more often than
the moderate safe and safe drivers.
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Longitudinal deceleration (figure 2.3) is the effect of theModerate safe and
unsafe drivers reach
high deceleration
levels far more often
than safe drivers
driver pressing the brakes. A post hoc Tukey test shows
that the frequency of strong braking for safe drivers where
lower in all seven levels compared to the moderate safe and
unsafe drivers. The test also indicates a significant lower
frequency for moderate safe drivers compared to unsafe
drivers.
This study was one of the first which observed drivers overHigh acceleration as
an indicator for
unsafe driving
a long period of time and classified them according to their
crashes. In summary, unsafe drivers tend to reach higher
g-force levels more often than safe drivers. This observa-
tion can be used in the classification of drivers through the
observation of lateral and longitudinal acceleration. Ad-
ditionally viewing driving as a competition seems to be a
contributing factor in the decisions leading to unsafe driv-
ing behavior.
2.2 How’s my Driving placard
Figure 2.4: “How’s My Driving” sticker on the bumper
The “How’s My Driving” (HMD) program started in theHMD aims to lower
the number of car
accidents
1980s and is based on feedback of other drivers with the
aim to lower the number of accidents and improve safety
of commercial fleets. It uses a reputation system like Ebay
where other road users can provide positive and negative
feedback.
Most drivers taking part in traffic show a safe driver behav-
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ior. The aim is to find those who don’t possess such driving Finding the few bad
drivers among the
large number of good
ones
behavior. The police on the other hand tries the same but
is only able to do sporadic analysis of easy detectable of-
fenses such as speeding. While speeding is one of the lead-
ing factors in accidents, actions like improper braking or
lane changes are rarely detected and punished by the po-
lice.
These drivers raise insurance rates for all. Instead of classi- Bad drivers raise the
insurance rate for allfying drivers in demographic groups, an insurance system
that relies on the concrete driving behavior of the customer
would be more appropriated. In addition, the chance of
lowering the insurance rate could result in a higher moti-
vation to improve the own driving in a safe way.
If a fleet operator wants to participate in the HMD program, The program only
requires stickers on
the bumper
displaying a
telephone number
stickers (Figure 2.4) are attached to all vehicle bumpers in
the fleet. These bumpers display a telephone number. If a
nearby driver wants to inform about an incident or wants
to give positive feedback, he is able to call this number. Call
centers answer these calls and document the feedback. The
given feedback is delivered to the fleet operator who then
can take further suitable actions if necessary.
Investigating crash rates and crash costs of commercial HMD reduces crash
rates and crash costsfleets after one year of using the HMD program shows sig-
nificant differences. The Hanover Insurance Co. measured
a decrease of 22% in terms of crash rate and a decrease of
52% in crash costs regarding 11 different truck fleets (Kni-
pling et al. [2003]).
Compared to the fact that the number of incident reports
is relatively low, the effect of this program is huge. The
pure presence of the stickers seems to remind the drivers
of their accountability for their driving actions, resulting in
an driving behavior that avoids annoying other drivers. In
addition, this approach gives fleet managers the chance to
identify bad drivers and initiate special training for them.
In the paper “How’s My Driving? For Everyone (and Ev- Expand the program
to private vehicles
and make it
mandatory by law
erything?)”, Lior J. Strahilevitz suggests to bring this pro-
gram to all automobiles (Strahilevitz [2006]). He argues
that a huge issue in today’s traffic are drivers who are
feeling anonymous and unaccountable for their driving ac-
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tions, causing thousands of accidents each year. Since the
HMD program seems to decrease the crash count of com-
mercial fleets, he suggests that it could have the same effect
on private road users. Making HMD stickers mandatory by
law could result in a less discriminating pricing politic of
insurance companies and could make driving overall safer.
Recently, the HMD program is also available for teenagers
allowing parents to observe their children. On the other
hand, this could lead to problems since there is no guar-
antee that the reporter is honest. For example conflicting
parties could raise each others insurance rate by fake calls
and making up a story about events that did not happen.
The HMD program shows that even simple solutions, likeThe presence of the
sticker motivates to
improve driving
a sticker on the bumper, can lower crash rates significantly.
It also shows that just the presence of some kind of judg-
ment and the reduction of anonymity motivates drivers to
avoid annoying actions towards other drivers, resulting in
a lower crash rate.
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Chapter 3
Related work
“Do something. If it doesn’t work, do something
else. No idea is too crazy.”
—Jim Hightower
By the increasing usage of smartphones, various sensors
are introduced in everybody’s daily life. Much research is
going on in the field of mobile sensing and how to make
use of those sensors. This chapter will concentrate on ap-
proaches that try to improve driving in terms of safety and
sustainability by using smartphones. In addition, general
research in this field is presented.
3.1 iDriveSafe
The iDriveSafe system is the outcome of an approach,
to create a mobile knowledge-based system for on-board-
diagnostics and car driving assistance (Ruta et al. [2010]).
iDriveSafe assists the driver by identifying risks and pro- Identifying dangers is
iDriveSafe’s main
task
viding solutions how to minimize or even eliminate those
dangers. It is a prototypical application on the Apple
iPhone. To identify risks in the current driving behavior
and to give hints how to improve it, iDriveSafe needs sev-
eral different types of data.
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Figure 3.1: iDriveSafe UI Screenshot
Modern cars provide direct access to vehicle data like theOBD II, GPS and
accelerometer data
are used
actual RPM or additional components like ABS or ESP be-
ing active. This data can be accessed through the CAN-Bus
using the On Board Diagnostics II (OBD II) protocol. To ac-
cess this data via iPhone, a Kiwi Wifi PLX adapter is used.
In addition, iDriveSafe uses GPS and accelerometer data as
well as web-based data sources.
With the collected data the application is able to identify
the road conditions by computing the standard derivation
of the acceleration. Two driving styles are differentiated,
imprudent and regular, by examining the standard deriva-
tion of the RPM through the OBD II interface. Speed, traffic
conditions and wind speed are also considered. Through
reverse Geo coding using the Google Maps API, the car’s
location is retrieved. Actual weather information can be re-
quested by using The Weather Channels (TWC) XML data
feed.
The system uses the Web Ontology Language (OWL-DL) to
implement the modeling domain. An online matchmaking
service (MaMaS) is used to identify dangers and to provide
helpful hints to the driver.
The system was tested in three test cases with two settingsTest scenarios
showed that the
system works as
intended
each. Speed, driving style and safety equipment were var-
ied in a way that the system identified no dangers in the
first setting but displayed several warnings in the second
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setting. The system recognized all dangers as expected in
all six situations.
iDriveSafe has shown that it is possible to give useful hints
regarding the driving safety using a mobile device. The pa-
per pointed out how web services for matchmaking and
weather information can extend the installed sensors in the
car and in the smartphone and should be considered when
building the application. Although without the OBD II in-
terface some important data will be missing, the match-
making approach can be adopted in this work.
3.2 Artemisa
Figure 3.2: Artemisa Architecture Software
Artemisa is a mobile Eco-Driving assistant implemented Artemisa provides
Eco-Driving tips to
the driver
on an android smartphone (V. Corcoba Magana [2011]). It
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was developed by V. Corcoba Magan˜a and M. Mun˜oz Or-
ganero in May 2011. It tries to use data received through
smartphone and car internal sensors to give hints how the
driver can improve his driving regarding his ecological ef-
ficiency.
The amount of gaseous pollution emitted by vehicles canSave up to 25% fuel
using Eco-Driving be reduced by applying an ecological driving style by up to
25%. Due to the climate change and increasing energy cost
these aspects have become more and more important in the
last few years.
Artemisa consists out of three main components: data ac-Artemisa makes use
of many sensors as
well as online
services to collect
data
quisition system module, expert system module and user
interface. The data acquisition system module collects
the data needed for analyzing the driving behavior. Like
iDriveSafe, Artemisa makes use of the OBD II interface to
receive vehicle specific data. To access these a bluetooth
adapter is installed. The features of the smartphone that
are used by Artemisa are GPS, 3G, Bluetooth and the light,
orientation and accelerometer sensors. The location is com-
puted out of the GPS coordinates. With the exact location,
two online services provide additional weather and traffic
information.
Analyzing the collected data and giving ecological adviceData is classified to
compute Eco-Driving
advices
to the driver consists of four elements: facts base, prepro-
cessing, knowledge base and a classifier. The fact base is a
SQLite database that stores the data of the last ten minutes.
The knowledge base contains information about ecological
driving. It is used to identify meaningful driving advice
and grows with each classification.
In contrast to iDriveSafe, Artemisa concentrated on chang-
ing the ecological driving in a positive way. Whereas
it lacks testing with real users, it presents different algo-
rithms to classify data gathered from different sensors and
shows the effective use of different online services to collect
weather information.
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Figure 3.3: Mobile Phone Sensing Architecture
3.3 Mobile Phone Sensing
The paper “A Survey of Mobile Phone Sensing” (Lane et al.
[2010]) describes the current state of the art regarding re-
search in the field of mobile phone sensing. It talks about
the technical possibilities with today’s devices and prob-
lems which arise with today’s widely accessible sensors.
Distribution and availability of mobile sensing applications Today’s smartphones
made mobile sensing
ubiquitous
were an issue and made research in this field expensive and
limited the user groups in scale. The paper states that these
circumstances have changed since sensors become cheaper
and were integrated in today’s smartphones. Today’s re-
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search also benefits from the devices’ open APIs . Through
application delivery services like the Apple App Store the
distribution of applications became easy and made the col-
lection of a huge amount of data possible.
Though the paper sees this as a great possibility for upcom-
ing research, it also states that some important questions
have to be answered to use these new possibilities to its
fullest. This includes questions about privacy and how to
validate experiments of large scales.
Beside many examples of existing applications making useTwo sensing
paradigms:
participatory and
opportunistic sensing
of mobile sensing, it differentiates between two kinds of
sensing paradigms: Participatory sensing and opportunis-
tic sensing. In participatory sensing, the user actively con-
tributes to the sensor data gathering process whereas op-
portunistic sensing works automatically. Opportunistic
sensing suffers from the fact, that the current context of the
user is unknown. A disadvantage of participatory sensing
is the higher burden and cost for the user.
The paper lists different sensing scales: personal sensing,
group sensing and community sensing. Though some ap-
plications are only useful in a personal sensing scale, group
sensing becomes very important due to the popularity of
social networks.
When talking about closing the sensing loop, the paper de-Closing the sensing
loop: User benefits
from collected data
scribes the importance of providing information computed
out of the collected sensing data back to the user. The stan-
dard approach in terms of visualizing the data is the web.
The gathered data can also be used to persuade the users in
a way that it changes their behavior. Providing information
from other users or even friends can result in a higher mo-
tivation. These effects can also be achieved by a game-like
design of the system and a competition among groups.
In the end, the paper states that respecting the privacy ofUser privacy as the
most important
aspect of mobile
sensing
the user is one of the most important aspects of a mobile
sensing system. Raw data should not be provided in the
web and highly personal data like the exact location with a
time stamp should only be available to the user himself or
within users in a trusted relationship because these infor-
mation can have a major impact on the user’s life.
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This paper explains important aspects when using sensors.
It describes the advantages and disadvantages of oppor-
tunistic and participatory sensing which should be consid-
ered when making use of sensors. The additional informa-
tion about privacy and closing the sensing loop provides
useful knowledge when defining the requirements of a new
product in the sensing area.
3.4 Teen Driver Support System
The Teen Driver Support System (TDSS) (Janet Creaser
[2011]) aims to increase safety of teenage drivers by provid-
ing feedback about insecure behaviors via mobile phones.
In addition to the feedback directly presented to the driver,
parents of the teenager are informed about incidents.
The TDSS uses the OBD II interface and multiple sensors in Combining car
network and mobile
phone to compute
feedback
the car to evaluate the current situation and presents warn-
ings if necessary. The system observes speeding in general
as well as in curves. It includes lockout functions that pre-
vent the car from being started if the driver has not fastened
his seat belt and warnings if it is removed during driving.
Tracking the amount of passengers in the car is also possi-
ble. Other features are preventing phone use while driving,
detecting excessive maneuvers and watching if the driver
stops at stop signs.
The system constantly observes if any of the above inci- Incidents are
reported to the
parents
dents occur. Incidents are reported to the parents, giving
them the opportunity to control their teenager’s driving
behavior when driving alone. Through the near real-time
feedback, parents can talk to their children about the in-
cidents. In addition, parents have the possibility to view
summaries of all trips on a web page.
The system was evaluated with 30 teenagers driving a 30
minutes predefined route after being introduces to the sys-
tem. For each teenager at least one of his parents observed
the driving using the given feedback of the system. The
evaluation included several questionnaires about the us-
ability of the system.
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Figure 3.4: Visual feedback when exceeding the current
speed limit in the Teen Driver Support System
The majority of parents and teenagers rated the system asTeenager and
parents classify the
system as useful and
would recommend it
useful and marked it as reliable and accurate. Both men-
tioned that they believe that such a system would be a great
help to improve driving in the first two years. Warnings
about exceeding the speed limit were criticized because
the warnings were presented in the moment the current
speed limit is exceeded. This requires the drivers to con-
stantly drive below the giving speed limit to avoid warn-
ings. Teenagers also stated that they could see a privacy is-
sue within the system as well as bringing conflicts into the
family if every small incident is reported. Audible feedback
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were overall more distracting than visual. In summary, 95%
parents would recommend such a system to their friends
and were willing to pay a small fee of less than 20$ monthly.
The TDSS shows that a general interest in such a system
from teenagers’ and parents’ perspective exists. It also
shows that people would use such a system and think it
could make them a safer driver. It also gives a bit insight
into how feedback is perceived and points out concerns
from both sides. Especially the fact that audible feedback
is perceived as more distracting should be considered. In
addition, warnings about exceeding the current speed limit
should only be shown when the speed exceeds a certain
threshold.
3.5 The Effect of an Eco-Driving System
Figure 3.5: Eco-Driving System Indicator
This paper explorers the effects of an Eco-Driving System
on the driver (Lee et al. [2010]) including an online survey
with 60 participants and an user test with 14 participants.
The Eco-Driving System was invented by the automobile
manufacturer KIA and integrated in one of its car models
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named KIA Soul.
The Eco-Driving System uses an indicator in the middle ofEco-Indicator in the
middle of the
dashboard
the dashboard to inform the driver about his driving from
an ecological point of view with the aim to save fuel. The
indicator has three different colors where green is good,
white is normal and red is bad regarding the fuel usage.
60 people participated in the online survey that tried to findPeople thought they
were saving fuel by
using the system
the benefits and the drawbacks of the Eco-Driving System
using questions and a 5 point Likert scale. 78% of the par-
ticipants stated that they thought they saved fuel. 64% also
stated that saving gas and money is the main reason to use
the system. 20% also wanted to improve their driving be-
havior to drive safer. The system was criticised for its poor
feedback and missing concrete values about how much fuel
was used/saved. The system’s settings were also fixed so
that for example road conditions and traffic did not influ-
ence the system’s outcome.
To see if using the Eco-Driving System helps the driverUsing the
Eco-Driving System
increases the
workload of the driver
to save fuel, an user test with 14 participants was con-
ducted. Participants drove a KIA Soul two times the same
course, once with activating the Eco-Driving System and
once without it. The fuel consumption was later on com-
pared between those two driving sessions. In addition,
the NASA Task Load Index (NASA-TLX) was conducted.
The NASA-TLX is a subjective, multidimensional assess-
ment tool that rates perceived workload. The test showed
that there was no difference in fuel consumption using the
system or not. Using the Eco-Driving System resulted in a
significant higher mental demand, physical demand, effort
and frustration. This leads to the conclusion that the users
were aware of the system all the time and tried to main-
tain the green indicator. This ended up in an insecure and
stressed driving behavior.
The user test and especially the online survey have shown
that people are interested in improving their driving in
terms of safety and sustainability. The importance of mean-
ingful feedback has also been demonstrated by the user
test. Displaying information to users while driving raises
the awareness of such a system and affects the way of driv-
ing. These effects should be considered when designing the
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user interface and the way feedback is presented.
3.6 Predicting the Effects of In-Car Inter-
faces
Figure 3.6: Dialing sequences for each scenario
Unlike desktop interfaces, in-car interface are not in focus
all the time. The paper “Predicting the Effects of In-Car
Interfaces on Driver Behavior using a Cognitive Architec-
ture” (Salvucci [2001]) tries to estimate driver’s distraction
and effects on the driving performance when using a phone
while driving.
For predictions, the Adaptive Control of Adaptive Control
of Thought-Rational (ACT-R) cognitive architecture is used.
The two tasks driving the car and using the phone are rep-
resented through the architecture models user model and
driver model. The user model describes behavior whereas
the driver model concentrates on the cognitive and motor
processor. The ACT-R architecture allows to integrate these
two models to simulate the situation and allows to make
predictions about the driving performance. The investi-
gated interface interaction is a dialing process. Four dif-
ferent ways of dialing are considered: Full-Manual, Full-
Voice, Speed-Manual, Speed-Voice.
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In the integrated model, each of the previous mentionedExecuting the
integrated model
leads to predicted
values for dialing
time, derivation and
velocity
models tries to fulfill its objective. The driver model drives
the car and user model has the aim to finish one of the di-
aling tasks. In the simulation, the user model completes
one small step of its execution sequence and hands over
the control to the driver model which adjusts the car’s po-
sition on the street. The driver model implements a simple
driving task: driving on a single-lane straight highway at
60 miles/hour without traffic. Each dialing possibility is
simulated 32 times in row with a 20 seconds brake of sim-
ple driving between each. The dependent values of this
simulation are dialing time, lateral derivation and lateral
velocity. In contrast to the other two values, the dialing is
also considered when not driving.
To compare the model predictions to empirical data, an ex-Using a driving
simulator in a user
test to get empirical
data
periment with 11 participants was conducted. A Nissan
CBR fixed-base driving simulator was adjusted to collect
the needed data and to provide the same driving condi-
tions like the simulation. The participants then completed
the driving and interface interaction task. Just like the sim-
ulation, the participants performed 32 dialing trials for each
dialing method in 20 seconds intervals.
Comparing the integrated model and the empirical data
shows a close fitting regarding the dialing time. Whereas
the values of lateral derivation and velocity were overall to
low, the ratio between the methods were predicted closely.
Only the speed-manual predictions failed. In summary, the
paper has shown that cognitive architecture models like the
ACT-R are able to make useful predictions even for safety-
critical tasks.
The paper compares four different interaction types when
using a mobile phone and has shown that existing models
can be used to calculate the effects on the driving behavior.
The experiment provides real user data regarding driving
safety and interaction time. When building a system that
needs interaction while driving these results can be used to
choose the safest type of interaction.
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3.7 Green Multimedia
Figure 3.7: Mobile website screenshot showing CO2 con-
sumption
The paper “Green Multimedia: Informing People of their The major sources of
CO2 are electricity,
thermal and
transport
Carbon Footprint through Two Simple Sensors” (Doherty
et al. [2010]) tries to provide CO2 emissions of individuals
to lower their energy consumption. Out of the three major
sources of CO2 named electricity, thermal and transport,
they concentrated on two of them. In an user study with
22 participants, the paper investigated the electrical energy
consumption and CO2 emissions caused by driving. The
paper studied whether displaying these information can
cause a change in the participants behavior.
To collect data on the electricity usage, an EpiSensor ZEM- Gathering watt hours
used from the
participants’ electric
meter
30 data logging unit was installed at each of the 22 partic-
ipants homes. It is able to measure 11 different parame-
ters whereas the watt hours are the relevant ones. The watt
hours can be used to calculate theCO2 emissions produced.
The data is sent to a PC and stored for later research.
To compute the produced CO2 caused by driving, ac-
28 3 Related work
celerometer data is used. Six of the 22 participants wereUsing accelerometer
data to compute fuel
usage
handed a accelerometer installed on their key rings. The
data was collected once a day by a researcher and stored.
The first part when using the gathered accelerometer data
was to find the data which can be related to driving using
a driving classifier with optimized parameters was used.
In the second part, a driving CO2 estimator computed the
CO2 emissions.
Displaying the energy consumption to the users, played aDifferent visualization
for different devices key role in the process of behavioral change. The gathered
data can be accessed in three different ways: a tablet appli-
cation, a website and a mobile website. Whereas the web-
site provides the richest user experience, the other data rep-
resentations provide a reduced amount of information due
to interaction possibilities, screen space and bandwidth.
The data on the website and on the application were dis-
played using bar charts. Each bar was compared to the av-
erage consumption and its color changes accordingly. On
the left side of the bar charts are numbers displayed that
show the overall energy consumption. The 6 participants
which were also using accelerometers, have a pie chart on
the right that shows the proportion of driving and home
CO2 emissions. The mobile web page displays four bars
showing the today’s CO2 consumption compared to yes-
terday’s.
Before the experiment, one of the users was given an ac-Collecting
accelerometer data
for one year to test
and improve the
driving CO2
estimator
celerometer for one year. The aim was to collect 20 weeks
of data to improve the driving classifier and the driving
CO2 estimation to finally test it with the data collected in
another 38 weeks. To validate the algorithm, the user doc-
umented his traveled kilometers, average speed and fuel
consumption every week. In the end, the accuracy of the
driving classifier could be improved and the driving pre-
cision was boosted up to 0.8203. In contrast investigating
accuracy of the driving CO2 estimator shows that the de-
viations of differences were very large and only 64.71% of
the predictions had a degree of error within 1 standard de-
viation. This shows that calculating CO2 emissions from
accelerometer data is challenging.
Electricity consumption of 22 participants was tracked for
one year. In addition, the accelerometer data was tracked
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for 6 weeks from 6 participants. When comparing the first 6 users were able to
reduce their
electricity
consumption by up to
10%
two weeks and the last two weeks of the driving period, the
6 participants drove less which could be an effect of CO2
visualization. Regarding the home electricity consumption
an average saving of 3.88% could be measured whereas 6
users was also able to save up to 10%.
The paper has shown that computing fuel usage only based
on the accelerometer data is a complex and difficult task.
Though the participants showed an overall lower con-
sumption in the end of the experiment, the origin of this
is unknown. A survey about the frequency of the website
usage related to the CO2 emission could be useful as well
as statistics about the overall usage of the three different
sources. To provide the gathered data via a website to the
user additionally to a mobile website (or mobile applica-
tion) is a good way to extend the user experience. Whereas
the mobile website can be used to quickly view the con-
sumption, the website allows more in depth view and in-
teraction on the data.
3.8 DriveCam
DriveCam is a driver risk management company which is DriveCam offers
safety programs for
commercial fleets
using specially
design hardware
specialized on selling safety programs to commercial fleets,
especially truck fleets. It uses a specially designed device
which is mounted in the car. It includes two cameras to
capture the inside of the car and to observe the area in front
of it. The device constantly records audio and video data.
Additional sensors in the device are able to identify certain
events like hard braking, swerving or collisions. If one of
these events occur, the data 10 seconds before and after is
stored on the device. In addition, real-time feedback is pro-
vided in the cars rear mirror.
DriveCam uses a secure cellular connection to immediately Transmitted data is
analyzed by expertstransfer the data to the DriveCam’s Data Center where the
data is analyzed. This data can be used to identify risky
drivers in the fleet which are then coached to improve their
1http://www.drivecam.com/our-solutions/core-solution/safety-
risk
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Figure 3.8: DriveCam system feedback loop1
driving to limit the chance of an accident. Figure 3.8 shows
each step in the improvement process of DriveCam.
Optional solutions provide a fuel management system
which focuses on the driver. It includes feedback displayed
in the rear mirror and a fuel score ranking which ranks
drivers across the fleet. Another feature is fleet tracking
which allows fleet managers to track all of their cars in real-
time and getting their locations on a map using the GPS
sensor included in the newest generation of the DriveCam
device.
DriveCam is a commercially successful solution that is cur-DriveCam achieved a
collision related cost
reduction of about
80%
rently installed in 170,000 vehicles in over 500 commercial
fleets. According to DriveCam, the cost reduction for col-
lisions were up to 80% and 12% fuel could be saved by
using this system. The success and big interest of compa-
nies in combination with the success in numbers shows the
possibilities of such systems. Especially computing a rat-
ing regarding fuel use makes it easy to compare the drivers
among each other and is a great way to motivate people.
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Chapter 4
Design Approaches &
Ideas
“It’s really hard to design products by focus
groups. A lot of times, people don’t know what they
want until you show it to them.”
—Steve Jobs
This chapter will describe the development process and the
initial thoughts in detail. It starts with the initial design
ideas and the intent behind the application including which
aspects of the solutions presented in 3—“Related work” can
be used.
4.1 Initial Design Ideas
As mentioned above, the aim of this thesis is to build a mo- Improve driving
through feedbackbile application which detects driving mistakes from a pas-
senger’s point of view and to provide useful feedback to
the driver. This feedback should help the user to improve
his driving.
A mobile application should focus on one task but do this
task very well (Gong and Tarasewich [2004]). This task
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Figure 4.1: Initial Brain Storming for the application design
should solve a problem the user has, in this case to get ob-
jective feedback about his driving style. The most impor-
tant aspects the application should fulfill are simplicity, in-
tuitiveness and consistency, to obtain an application that is
easy to use and its feedback easy to understand.
The application should only use data that can be accessedApplication has no
other dependencies
than the device itself
through the features of the smartphone itself. It should be
designed in a way that after installing the application on the
device, no further requirements nor settings, in the user’s
car or the device itself have to be done.
Figure 4.1 shows the initial brain storming. Out of these
ideas, a mind map was created. It consists of two major
characteristics regarding driving. One aspect is safety and
the other is sustainability. Judging sustainability in terms of
fuel use and carbon emission is difficult when using only
a smartphone. In 3.7—“Green Multimedia”, researchers
used an accelerometer to estimate the fuel usage. They
stated that it is difficult to make accurate estimates about
the CO2 consumption. In addition, only one car was used
in this approach. Trying to make general estimations for
arbitrary cars would further raise the difficulty. To make
good estimates about the CO2 consumption would require
access to the car network to access fuel level and other
motor information. Especially the revolutions per minute
would be of great interest since it is the best indicator for
the current fuel usage. Because this approach excludes ad-
ditional hardware, analyzing sustainability will not be part
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of the application designed in this thesis. Instead, it will
focus on the safety aspect of driving.
The application will record and store trips. A trip consists Trips are the main
component of the
application
of several attributes. The most important attribute is a list
of incidents that indicate points of interest regarding driv-
ing. These will be used to compute feedback such as an
overall rating for the trip.
The feedback given to the user should make full use of the The feedback
includes a unified trip
rating
capabilities of the device. The application should be able to
give real-time feedback as well as to allow the user to re-
view his trip later on. The real-time feedback is the most
important aspect. Informing the user directly after an un-
suited driving action is important for the learning process.
The driver knows exactly what he did and can remember
his actions and circumstances that led to the driving action.
Only reporting incidents after the trip would indeed inform
the user about mistakes but due to the high temporal dis-
tance, it is unlikely the he is able to remember his actions to
avoid it in the future. This feedback includes visual and au-
dible feedback. In addition, a trip should result in a rating.
The value of the rating is a number that is based on the mea-
sured incidents. This rating should allow the user to com-
pare all his trips with each other and should make a com-
parison between different drivers possible. To achieve this,
a website will be implemented that anonymously presents
the user scores.
Since the application has to be started before the user starts Minimize the time to
start recordingdriving, it is important that the time the user needs to en-
able the recording is as low as possible. If it takes too much
time for the user to setup the application before he can
start driving, he could stop using the application. The user
drives to reach a desired destination as fast as possible and
does not want to spent additional time on setting up the
application every time.
Since the application aims to raise safety, the distracting ef- Distraction as a
leading cause of
crashes
fects of the application should be as low as possible. Op-
erating wireless devices while driving is a major factor
regarding distraction. Especially operating the device in
form of dialing/typing and talking/listening leads to ac-
cidents. According to the NHTSA, 17% of all crashes in the
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U.S. have at least one distracted driver involved (NHTSA
[2010]). Texting while driving raises the crash risk by 23
times in contrast to non distracted driving (Government
[2011]). Knowing this, the application should not require
any input of the user while he is still driving.
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In summary, the application should
• be easy to use and fast to start,
• not require additional hard- or software and only use
the, features of the device itself,
• rate certain driving aspects from a passenger’s point
of view,
• give real-time feedback and a possibility to review
trips later,
• assign a comparable rating to all trips,
• allow users to compare themselves to friends and
other users of the application
• not require any user input while driving.
The iPhone 4 , operating on iOS 5.0, was chosen as develop-
ment platform. The next section will describe the iPhone 4
in detail and which possibilities it provides including how
these can be used to build the application.
4.2 The iPhone as Sensor & Feedback Plat-
form
Modern smartphones are equipped with a lot of sensors Modern
smartphones contain
several sensors
and have high processing power. Since Apple presented
the first iPhone in 2007, the device has constantly improved
in design and equipment. The iPhone 4 provides develop-
ers with a lot of sensors and possibilities to design appli-
cations. Some of these capabilities are presented in Figure
4.2.
Most smartphones have an accelerometer installed. It is of- Acceleration as an
indicator for unsafe
driving
ten used to detect orientation changes of the device. The
iPhone is equipped with a 3-axis accelerometer that mea-
sures acceleration in relation to free-fall in gravitational
force (g-force). Some of the approaches presented in the re-
lated work chapter use an accelerometer installed in the car
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Figure 4.2: The iPhone 4 capabilities
to detect unsafe driving behaviors. In this application, the
accelerometer will be used to identify possible incidents,
too.
A new feature in the iPhone 4 is a 3-axis gyroscope. ThisDetect turn taking via
gyroscope allows to measure the position of the device in space. Com-
bined with the accelerometer it is possible to calculate the
rate of rotation about all 3 axis. This feature is interest-
ing since it allows to detect turn-takings of the car. Fig-
ure 4.3 shows location and orientation of the axis regarding
accelerometer and gyroscope. The rate of rotation is mea-
sured according to the right-hand rule.
The integrated Global Positioning System (GPS) makes itRetrieve the current
location through GPS possible to get the position of the device and thus of the
car. This allows the use of maps and gives the possibility to
inform the user about points of interests regarding his driv-
ing. The position can also be used to compute the distance
traveled and to retrieve additional location based informa-
tion like weather conditions and speed limits. In addition,
the GPS sensor integrated in the iPhone is able to compute
the current speed of the vehicle.
The iPhone allows a continuous Internet connection. This
is important to retrieve map information and to access web
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Figure 4.3: The 3 axis of the iPhone
based resources and web services. This is mandatory to get
information about speed limits and weather. It also allows
to upload the information about the trip immediately after
it is finished.
Since iOS 4.0, it is possible to run applications in the back- Trip recording as a
background processground and to continue processing. This multitasking fea-
ture can be used when the user is not interested in real-time
visual feedback which can be the result of an unfavorable
device position. If the driver is not able to see the display,
he can lock the iPhone and save battery power. It also al-
lows the user to run other applications, such as navigation
applications, while having his trip recorded.
4.3 Storyboards
Several storyboards were created during the development
and planing process. This section will present three story-
boards in detail. The storyboards represent the three main
purposes of the application: competition, education and
controlling. Whereas the storyboard regarding competition
is included in this section, the other two can be found in
C—“Storyboards”.
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Figure 4.4: A storyboard describing a situation where the application is used to
raise competition between drivers
Storyboard 1: Competition
Moritz, fleet manager of a logistics company, has a problem.Use the application’s
rating to enable
competition
Recently his drivers caused a lot of accidents. He searches
for an easy and cheap way to motivate his employees to
improve their driving and to lower the accident rate. He
knows that most of his employees are smartphone own-
ers. Therefore, he came up with the idea to use the How’s
My Driving application to initiate a competition between
all drivers. He informs all employees how they can partici-
pate and that the driver with the highest score each month
will be rewarded.
Two of his employees named Sebastian and Max like the
idea and are motivated to win the competition. After two
weeks is Max slightly ahead of Sebastian regarding their
average scores. Since there are still two weeks to go, Sebas-
tian believes to be able to beat Max at the end of the month.
In the end, Sebastian could constantly improve his driving
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and really beat Max. Max aims to win the next competi-
tion. In addition, to the fact that the competition motivated
most employees to improve their driving, Moritz was able
to identify very bad drivers within his company and initi-
ates specially designed driving seminars for them.
Storyboard 2: Controlling
Recently, the 16 year old teenager Alex got his driving li- Use the application
to observe novice
drivers
cense (figure C.1). He is not yet owner of an own car and
has to ask his father when he needs a car. Max father reads
in the news that teenage drivers are the most prominent
group in traffic accidents. In addition, the fact that traffic
accidents are the major cause of death for teenage drivers
makes him worry about his son’s safety. He knows that it
is impossible for him to always drive with his son. There-
for, he searches for a way to observe his son’s driving style
without the need to be in the car in person.
He discovers the How’s My Driving application, advises
his son to install it on his smartphone and to record his
trips with it. By viewing the application’s reports on a web-
site, the father is able to evaluate his son’s driving. The son
knows that his father is informed about any incidents dur-
ing his trips and tries to avoid them. The father on the other
hand can take further actions if he does not, giving him the
feeling of still being in control when his son drives alone
using his car.
Storyboard 3: Education
The storyboard (figure C.2) describes a situation where the
young student Peter explores the App Store searching for
interesting applications regarding driving. Recently, sev-
eral passengers criticized Peter’s driving style. He searches
for a way to get his driving rated from an objective point of
view with the aim to improve his way of driving.
While browsing, he discovers an application named How’s
My Driving that allows him to get objective feedback about
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his driving. Peter plans to test it the next day. He places his
smartphone inside the car and starts driving to his desired
location. The application reports several incidents during
his trip. After the trip, Peter receives a score of 50.5 points.
Knowing which driving actions were reported, he plans to
improve his driving and aims for higher scores. After one
week, he finally manages to reach the maximum score of
100 and proudly reports his achievement to his friends on
facebook.
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Chapter 5
Implementation
“Programming today is a race between software
engineers striving to build bigger and better
idiot-proof programs, and the Universe trying to
produce bigger and better idiots. So far, the
Universe is winning.”
—Rick Cook
In this chapter, the overall application structure will be de-
scribed. It will present how the ideas from the previous
chapter find their way into the mobile application. Figure
5.1 shows a rough overview of the processes and communi-
cation involved when recording a trip. The classes involved
in the detection and rating process, and classes important
for the overall structure of the application will be described
in detail.
5.1 Architecture
One of the main components is the Trip class. It rep- Trip and
TripAnnotations as
the core components
resents a trip recorded by the user. It consists of sev-
eral attributes like start and end time, a rating, and the
distance traveled. All attributes are shown in figure 5.2.
In addition, a Trip has two lists containing objects de-
fined by the classes TripAnnotation and RoutePoints.
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Figure 5.1: Sequence diagram visualizing the overall pro-
cess of recording a trip
The RoutePoints class is used to store the route of the
Trip. It stores longitude and latitude coordinates of ge-
ographical positions where the driver has been. With
these points it is possible to retrace the complete trip. A
TripAnnotation represents a point of interest in the trip.
Like RoutePoints it contains latitude and longitude coor-
dinates to define its location. In addition, it has a type and a
time. A special form of TripAnnotation is an Incident.
It is a subclass of TripAnnotation and adds a penalty
and an acceleration attribute to the class. An Incident
represents a possible driving error detected by the system.
For persistence and storing Trips, the application makesUsing CoreData for
persistence use of the CoreData layer. To use it, each object that
needs to be stored permanently needs to be a sub-
class of NSManagedObject. To prevent persistence er-
rors and wrong initialization of objects, the factory pat-
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Figure 5.2: Class diagram showing the main model classes
of the application that are used for storing the trips
recorded by the user
tern (Gamma et al. [1994]) is used. All objects of
type NSManagedObject are instantiated by this factory
named PersistenceController. Through this single-
ton, a synchronized instantiation and deletion of objects is
achieved.
Creating and recording a Trip is the main task of Receiving
information through
CoreMotion and
CoreLocation
the RecordTripViewController. It make use
of the CoreLocation and CoreMotion frameworks
to get location and device motion updates. The
CLLocationManager desired accuracy is set to
kCLLocationAccuracyBestForNavigation. This
gives the highest accuracy and includes course and speed
information in the CLLocation object sent to the delegate.
For receiving motion updates, the startDevice- Receiving motion
updates at 25 HzMotionUpdates possibility is used. Beside the pure
device acceleration, the CMDeviceMotion object contains
additional values such as rotation rate, user acceleration
and gravity, which will be important for later computa-
tions. The update interval is set to 25 Hz. This interval
represents a trade-off between high accuracy and high
processor and battery usage. Whereas 100 Hz are theoreti-
cally possible, such a high frequency is not needed. Since
several computations are done using this motion data,
the applications performance could suffer. In addition,
the amount of data would increase later evaluation’s
complexity. Receiving 25 updates per second seems to be
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a reasonable frequency to analyze driving. The motion
updates are processed in an own NSOperationQueue.
This queue allows other computations in the main queue
to continue even under high processing overhead and
guarantees that no motion update is lost.
Figure 5.3: Class diagram showing the RecordTrip-
ViewController and its two most important classes for
trip recording and incident detection: AbstractFilter
and AbstractRatingAgent
The process of detecting an Incident is based on twoFilter and analyze
data to find Incidents tasks: filtering the incoming motion data and analyzing it.
This is done by subclasses of the AbstractFilter and
the AbsractRatingAgent displayed in figure 5.3. After
setting up motionManager and locationManager, and
creating a LowPassFilter and CarRatingAgent object,
the received information can be used to detect driving mis-
takes. This architecture makes it possible to exchange the
filter and the rating agent during runtime. In addition, this
makes it easy to add new filters and rating agents to the
system later on. This approach will focus on the use in
cars. Other vehicle types like motorbikes or buses could
possibly require other filtering and rating functions. Fur-
ther research could then enhance the application by adding
new filters and rating functions without much change.
The communication between those objects is illustrated
in the sequence diagram 5.4. The RecordTrip-
ViewController receives about 25 motion updates and
one location update per second on average. Each time
the motionManager sends a new motion object to the
RecordTripViewController, it is forwarded to the
filter. The motion filtering includes two steps. First,
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Figure 5.4: Sequence diagram showing the communication between the
RecordTripViewController, the LowPassFilter and the CarRatingAgent
the motion measured by accelerometer and gyroscope is
modified according to the device position. This is impor-
tant for later operations on the motion data and provides
a consistent format that makes it easier for other classes,
like the ratingAgent, to interpret this data. Secondly, a
low-pass filter is applied to the motion data. This process
is described in detail in 5.2—“Filter Sensor Data”.
After the motion data has been filtered, it is sent to the RatingAgent
analyzes filtered data
to find Incidents
ratingAgent . The ratingAgent is responsible for the
generation of TripAnnotations that indicate a point of
interest and to ensure compliance with the speed limit.
The ratingAgent uses the filtered motion data and the
current location object for this process. Since the loca-
tion updates are not as frequently received as the mo-
tion updates, the RecordTripViewController always
stores the last received location. This location is used
by the ratingAgent to get the current speed of the
car and to setup latitude and longitude of the generated
TripAnnotation. The RecordTripViewController
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implements the RatingAgentProtocol. If an Incident
is detected, a TripAnnotation that represents this
Incident is generated and the newTripAnnotation()
method is called transmitting the new TripAnnotation
to the RecordTripViewController. To start or end
speeding results in a call of speedingStarted or
speedingEnded. The RecordTripViewController
then adds the new TripAnnotation to the current Trip
and computes feedback for the user. The process of detect-
ing driving mistakes is described in 5.3—“Rate Driving” in
detail. The ratingAgent also provides a function to com-
pute the Trip’s final rating.
In addition to the internal resources of the iPhone, theRetrieving weather
information via web
services
RecordTripViewController uses external resources in
form of web services. One information already thought of
in the initial brainstorming is the current temperature and
the weather condition.
Figure 5.5: Class diagram showing two additional classes
used by the RecordTripViewController to fetch additional
resources through web services
Fetching the weather condition and the current temper-
ature is the task of the WeatherXMLFetcher shown in
class diagram 5.5. The web service used for this is pro-
vided by Google and can be accessed through an URL re-
quest. The location needs to be a string representing
the current location. Since the current location object in
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the RecordTripViewController contains only latitude
and longitude coordinates of the current position, the ap-
plication needs to apply reverse geocoding to get the lo-
cation in form of a string. This function is provided by
the CoreLocation framework. After the location name
has been determined, a new XMLWeatherFetcher ob-
ject is initialized by using this name. The Google API
is accessed through a NSURLRequest. After fetching
weather information, the RecordTripViewController
is informed about success or failure of the weather fetch-
ing process and can retrieve weather information from the
XMLWeatherFetcher on success.
Speeding is one of the most contributing factors in car ac- Fetching speed limit
by using open source
databases
cidents. To determine whether the current speed of the car
exceeds the road’s speed limit, the application needs to ob-
tain the speed limit according to the current position. There
exist a lot of commercial databases mostly run by naviga-
tion software producers like TomTom 1 or NAVTEQ 2 . The
access to those databases is associated with a fee and there-
for not interesting for this prototype. Beside those commer-
cial databases, two free accessible and open source projects
exist.
The first is a project founded in 2004 and is called Open- OpenStreetMap
database storing
map information in
an open source
database
StreetMap 3 . The objective of the project is to build an open
source world map. Since it is an open source project, every
one can contribute and add data. The project itself does not
include a web service to access the database. One possibil-
ity is to setup an own server and to create an API to request
the desired information out of the database or to use a web
service that already makes use of it. One service that makes
use of the OpenStreetMap database is MapQuest 4 which
is focused on routing services. MapQuest offers a web ser-
vice to request routing information to get from one loca-
tion to another. The locations are both specified in form of
geographical coordinates. Theses routing information in-
clude speed limits of the current street. A NSURLRequest
requests the speed limit information of the current lo-
cation inside the SpeedLimitFetcher shown in figure
1http://www.tomtom.com
2http://www.navteq.com
3http://www.openstreetmap.de/
4http://www.mapquest.com/
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5.5. The MapQuest API returns a JSON object containing
the speed limit if available. The SpeedLimitFetcher
informs the RecordTripViewController through the
methods defines in the SpeedLimitFetcherDelegate
protocol about failure or success.
Another speed limit database is Wikispeedia 5 . It aims toWikispeedia gathers
speed limit signs all
over the world
gather all speed limit signs around the world. Like Open-
StreetMaps, everybody can contribute and add speed lim-
its. A restriction when using this database is, that the appli-
cation needs to display the contributor’s name who added
the used information. The speed limit database can be ac-
cessed through a web service. The web service requires to
define the location in terms of longitude and latitude coor-
dinates, and the direction the car is facing to estimate the
correct speed limit sign. The direction can be read out of
the CLLocation object’s attribute course.
Both services are available in the system. Since these two
databases are incomplete and speed limits can be missing
or wrong, the user will be able to choose which of those two
he would like to use and whether he wants to use this fea-
ture at all. Choosing between those two databases allows
the user to find the service which provides the best results
for his area. This selection can be done through the settings
application.
At the end of a trip, the user is asked to enter a name de-
scribing the trip. After the user selected a name, the record-
ing process is finished and the final trip rating is computed.
An overall summary of the trip is presented to the user, al-
lowing him to view his results and Incidents detected by
the system.
After a trip, the results are uploaded to make them avail-Uploading
anonymous trip
information
able through the web page. To achieve this, the most rel-
evant information of the trip are mapped into a JSON ob-
ject and uploaded through a PHP interface into a mySQL
database. These information include the trip rating, dura-
tion, start time, weather condition and the Incidents de-
tected including their acceleration and penalty. To prevent
unauthorized access and uploading of fake trips, a MD5
5http://www.wikispeedia.org/
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hash of the trip data is included in the JSON object. No
location or device related information is uploaded to the
database to ensure anonymity. If a trip upload was suc-
cessful, the uploaded attribute is set to YES. Otherwise it
is set to NO. Each time the application starts, if there exist
trips that have not been uploaded yet to repeat the upload-
ing process.
This thesis will continue to explain the previously men-
tioned filtering and detection processes in detail. Section
5.2—“Filter Sensor Data” explains how the motion data is
filtered. After this, section 5.3—“Rate Driving” describes
in detail what causes a driving action to be classified as
Incident and how the final rating is calculated.
5.2 Filter Sensor Data
One challenge in building a system running on a mobile Aligning iPhone and
car axisphone compared to other approaches is the device position-
ing. Whereas other approaches uses fixed installed sensors
in the car, this approach will only use the sensors of the
iPhone. The position of the iPhone and so the orientation
of the sensor’s axis are very important for the detection pro-
cess. The objective is to build the application in a way that
it works independent of the device position and without
extra user settings. As mentioned, the iPhone uses a 3-axis
accelerometer and gyroscope displayed in figure 4.3. Be-
fore the sensor data can be used, the iPhone’s accelerometer
axis needs to be aligned with those of the car. In the end,
the positive y-axis should be directed in driving direction
and the x-axis should point to the side of the car. The axes
locations regarding the car are displayed in figure 5.6. This
position will be called the reference frame.
The difference in orientation regarding the reference frame
in 3D space can be described by roll, pitch and yaw. Roll
is the rotation around the y-axis, pitch the rotation around
the x-axis and yaw the rotation around the z-axis.
Imagine two different device positions. In the first position
the iPhone is placed in the car so that the positive y-axis
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Figure 5.6: The desired reference frame the iPhone axis
should be aligned to. It defines they-axis to be parallel to
the driving direction
is directed in driving direction and the display is facing in
the positive z-axis direction (reference frame). Pushing the
brakes while driving straight would result in a positive g-
force on the y-axis whereas the value on the other two axis
would not change. Another device position with a pitch
of 90◦ resulting in the negative z-axis is directed in driv-
ing direction and the positive y-axis pointing up. The same
action would now result in a measured g-force on the neg-
ative z-axis.
Later classes working on the motion data expect it to be in aFilter device position
to result in a unified
data format
unified format. For example the ratingAgent always ex-
pects that accelerating or decelerating the car will result in a
g-force measured on the y-axis. Whereas excessive braking
would be recognized in the first device position, it would
be missed in the second one because there would be no g-
force on the y-axis at all.
Two steps have to be taken in the filtering process. First, the
current device orientation has to be determined. Secondly,
the measured accelerations have to be redistributed on the
3 axis to match the acceleration vector for a device resting
in reference frame position.
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5.2.1 Pitch & Roll
Determining pitch and roll of the device, one can use Using gravity to
determine roll and
pitch
the earth’s gravitational force that always affects the ac-
celerometer. The gravitational force of the earth is a force
pointing towards its center with an amount of 1g. Imag-
ine the device resting in the reference frame. The gravi-
tational force would cause the value on the accelerometer’s
z-axis to be -1g, resulting in an overall acceleration vector of
(x, y, z) = (0, 0,−1). In fact, a resting device’s acceleration
vector results in such a unit vector for all possible positions.
For example a pitch of 90◦ would result in an acceleration
vector of (0,−1, 0) and a roll of 45◦ results in an acceleration
vector of (0.707, 0,−0.707).
The goal is to compute a rotation matrix R with:
r = (0, 0,−1)
g = (x, y, z)
R · r = g ⇔ R(−1) · g = r
where r is the desired reference frame, g the current acceler-
ation vector caused by gravity and R being a 3 x 3 rotation
matrix.
The iOS framework already separates the user acceleration Calculate a rotation
matrix to redistribute
the measured g-force
from gravity. Otherwise this separation could be done by
applying a low-pass and a high-pass filter to the measured
motion data. With obtaining the rotation matrix R−1, the
application is able to redistribute the measured acceleration
caused by the user.
The first step in calculating R is to calculate the unit vector
u orthogonal to r and g and using it as rotation axis. After
this, rotate about this axis with an angle α:
u = r×g‖r×g‖
α = arccos(r · g)
Using the above calculations results in R being:
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 u2x + (1− u2xc) uxuy(1− c)− uzs uxuz + uysuxuy(1− c) + uzs u2y + (1− u2y)c uxuz(1− c)− uxs
uxuz(1− c)− uys uyuz(1− c) + uxs u2z + (1− u2xc)

where c = cosα, s = sinα and u being the axis of rotation.
If |r · g| ≥ 0.99 the computation becomes unstable due to
the vectors being nearly parallel. In this case u is defined as
u = (0,−1, 0).
After calculating the inverse of the rotation matrix R−1, it
can be used for distributing the measured accelerations to
the reference frame:
R−1 · a = a′
where a is the measured user acceleration. The new accel-
eration vector a′ is the acceleration vector that would have
been measured if the device would rest in the defined refer-
ence frame without any pitch or roll. The same calculations
are done for the measured rotation rates.
5.2.2 Yaw
Using the gravity as in 5.2.1—“Pitch & Roll” is not possibleChanges in yaw ratio
do not effect the
gravity vector
regarding the yaw ratio. This is due to the fact that rotating
the device around the z-axis does not effect the gravity vec-
tor. Imagine the device resting inside the car with a gravity
vector of (0,0,-1) and the positive y-axis directed in driving
direction. Rotating the device around the z-axis would not
change that vector, even if after rotating the negative y-axis
would be pointing in driving direction. Whereas roll and
pitch can be determined very accurately, it is not possible
to do that for yaw as well.
The most important aspect for this system is which of the
accelerometer axis is directed in driving direction. This al-
lows a distinction between acceleration and deceleration.
Three approaches were tested during the development pro-
cess to determine this axis. The first approach requires a
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calibration at the start whereas the second uses a combi-
nation of the car’s speed and the measured user accelera-
tion after extrapolating pitch and roll. The third approach
makes use of the course and heading information stored in
the CLLocation object that has been received by the ap-
plication.
First Approach
To determine the yaw rotation, the first approach needs to Requesting certain
driving actions from
the user to calibrate
the device
know the force generated by acceleration and deceleration
events on the accelerometer. One possibility would be to
start the application in a calibration state where the user is
advised to brake while driving straight. The measured ac-
celeration vector would allow the application to compute
the yaw rotation by observing the ratio between g-force
measured on the x and y-axis. Whereas this would allow
the computation of the yaw rotation, requiring a braking
event at each start is not feasible for end users. In addi-
tion, certain situations like dense traffic would not allow a
calibration in this way.
Second Approach
Instead of advising the user to brake at the start of the trip,
an automatic calibration over time is considered in which
the user is not required to take certain driving actions. De-
celeration (braking) as well as acceleration events can be
identified by observing the CLLocation object’s speed
attribute representing the current car speed. In addition,
the rotation rate on the z-axis should be close to zero to
make sure the car is driving straight. An increase in speed
suggests acceleration whereas a decrease suggests deceler-
ation. When detecting such a change in speed, the next val-
ues measured by the accelerometer are analyzed to find the
axis directed in driving direction. Whereas this approach is
able to determine this axis, tests also showed that this pro-
cess induced a high error rate. This is the result of the GPS
data being inaccurate due to low signal strength and a de-
lay in receiving this data. This causes the measured user
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acceleration and the current speed being out of sync, mak-
ing it hard to determine the axis. Using this approach could
cause the application to be in an uncalibrated state, leading
to no or false detections.
Third Approach
The third approach does not require force on the accelerom-Yaw determination
through heading and
course information
eter. Instead it uses the heading of the device that is cal-
culated by the integrated magnetometer and the course
information from the GPS data. Both values contain a
value from 0 to 360 degree with the course represent-
ing the direction the car is driving and heading the di-
rection the device is pointing to. Using heading re-
quires additional setup of the CLLocationManger so that
the RecordTripViewController gets heading updates.
Comparing these two values allows to determine which
axis is directed in driving direction. For example a course
of 300◦ and a heading of 210◦ would suggest that the de-
vice’s yaw rate is about 90◦ resulting in the positive x-axis
pointing in driving direction. While this approach pro-
vides a good estimation of the device’s yaw rotation, it
also includes several drawbacks. After turning the car, the
course information needs some time to adjust. Also some
device positions could result in very inaccurate values for
course and heading making the calculation, which axis
is directed in driving direction, wrong.
As mentioned, a yaw ratio detection in an automatic way isDevice position
defined by the user very difficult and suffers from a high error rate. The appli-
cation could allow other device positions by allowing the
user to choose the reference frame himself. Some car en-
vironments could make it more comfortable for the user
to place the device in a position where one of the x-axes
is directed in driving direction. A solution to allow this
would be an option where the user can select the position
he would like to place the device in by defining the axis di-
rected in driving direction. Knowing this axis would allow
the application to perform the appropriate rotation to map
the current position to the reference frame.
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5.2.3 Device Position Discussion
The device position is one of the major problems when us-
ing the iPhone in the car environment because it is not pos-
sible to to detect the precise device orientation in the car.
The gravity measured by the accelerometer is the only hint
about the orientation regarding the device’s pitch and roll.
Approaches to automatically determine the yaw ratio
showed non satisfying results and using one of these could
result in false detection and feedback. Since the yaw ratio
is still very important for the detection, the positions, the
user can place the phone, are limited and the device has to
rest in a yaw ration close to zero.
Using the above computation of the rotation matrix induces Defined target vector
does not include yaw
ratio information
some problems. First, adding roll and pitch to the device at
the same time can result in a rotation matrix that rotates the
device in a position where the positive y-axis is not directed
in driving direction. This is caused by the fact that the tar-
get vector (0, 0,−1) does not include any information about
the yaw ratio of the device. The calculation computes the
rotation matrix that rotates the measured gravity vector to
the target vector the fastest way.
Inaccuracy of the gravity vector
Another problem is the gravity vector itself. The gravity Gravity vector can
change during
driving
vector is computed by combining accelerometer and gyro-
scope measurements. Although the framework works well
in separating user acceleration and gravity, motions still ef-
fect the calculated gravity vector. The decision that have to
made is which gravity vector can be used to calculate the
rotation matrix. Three possibilities are considered: Contin-
uous calibration, initial calibration and periodic calibration.
Continuous calibration would recalculate the rotation ma-
trix with every new motion update received. The advan-
tage of this would be that during driving, changing from
one valid device position to another would be possible. The
disadvantage of the continuous calibration is that the grav-
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ity vector can change through motion although the device
position, in relation to the car, does not change. This causes
the computed rotation matrix to be inaccurate and there-
fore resulting in an imprecise calculated motion. Especially
on roads in a bad condition this effect could become prob-
lematic.
In the initial calibration, the gravity vector is measured in
the moment the recording starts. A fixed device position
during the trip implied, this rotation matrix would be valid
for the complete duration. The advantage of this would be
that during all driving events and conditions, the iPhone
axes would be aligned with those of the car. Obviously,
changes in the device position relatively to the car could
lead to false positives in the detection process since the ro-
tation matrix is not adapted to the new device position.
A periodic calibration would be a combination of the pre-Calculating rotation
matrix while the car
is not moving
vious mentioned methods. It aims to combine the advan-
tages of the continuous and the initial calibration. Whereas
the continuous approach always updates the rotation ma-
trix, here only gravity vectors measured while the car is not
moving are used to calculate the rotation matrix. Since this
approach excludes “false” gravity vectors through motion
but allows changes in the device positioning, it was deter-
mined to be the best solution and will be used in the appli-
cation’s calibration process. To determine whether the car
is currently moving or not, the application makes use of the
speed attribute delivered within the location object.
Although the above calculations do not allow an arbitrary
positioning, it significantly increases the number of posi-
tions the device can be placed in. This includes all position
where at least the x or the y-axis is aligned with those of
the car. For example, the user is allowed to place the de-
vice on the dashboard (on/off-switch pointing in directed
direction) or place it in portrait mode. Of course all posi-
tions between these are also possible, allowing for example
the positioning of the device in the cup holder. Instead of
rotating the device around the x-axis the user can also roll
the device around it’s y-axis when in reference frame po-
sition. When starting the application for the first time, the
user is informed about the possible positions the phone can
be placed in.
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5.2.4 Smoothing Data
After the filter handled the position of the device, one can
focus on the analysis of driving by interpreting the motion
data. The relevant values are the g-force on the x and y-axis
as well as the rotation rate over the z-axis. G-force caused
by acceleration or deceleration is now visible on the y-axis.
Cornering and turning the car causes a change in the ro-
tation rate on the z-axis and a change in the acceleration
measured on the x and y-axis.
Since these sensors are highly sensible, the interpretation Car engine and road
conditions add noise
to the motion data
of the raw data is difficult. Tests done using the raw data
showed that an additional filtering is needed to make an
analysis possible. Vibrations of the car are constantly in-
fluencing these sensors by adding a significant amount of
noise to the data. At higher speed levels this noise increases
even more. In addition to that, bad road conditions and
certain road characteristics can cause high peaks measured
by the accelerometer. For example curbs or potholes cause
the iPhone’s accelerometer to measure strong g-forces that
could be interpreted as actions caused by the driver. To
avoid that, this noise has to be filtered out of the data.
To achieve this, a low-pass filter is used for smoothing the Low-pass filter data
to remove noisemotion data to filter out most of the noise. The filter is ap-
plied after the position related transformations have been
done. Test drives have proven the effectiveness of the low-
pass filter, making it possible to remove most of the noise
while keeping the motion information caused by the driver.
It is defined by the equation:
ai = (ai · α) + (`i · ∗(1.0− α))
`i = ai
where ai is the measured user acceleration on one axis and
`i being the last calculated value for this axis. The vari-
able α defines how much of the measured value will be
added to the last calculated value for the specific axis. Set-
ting α = 0.05 pointed out to be the best, although it lowers
the overall detected maximum g-force peaks significantly
but it is more important that most of the noise is filtered
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out than to keep the height of the g-force peaks. This has to
be kept in mind in later evaluation of g-forces measured by
the application.
Figure 5.7: Showing the values of the rotation rate on the
z-axis before applying the low-pass filter (left) and after ap-
plying it (right)
After applying this filtering, most of the noise in the motion
data could be removed. Figure 5.7 illustrates the effect of
the filter on the z-axis rotation rate. Most of the noise has
been filtered out and only the relevant events, in this case
when the car is driving a curve, become visible. The same
effect occurs on the other axes as well. Another benefit of
this is that a constant force in one direction is required to
generate g-force peaks. This makes the application resistant
to false detection caused by the user moving the phone.
In addition to the removal of the noise, the motions causedRemoving sudden
changes in the
motion data
by the driver became more smooth and sudden changes be-
came rare. This effect will be important in the detection and
rating of the Incidents detected and is explained in the
next section. After this filter has been applied, the motion is
returned to the RecordTripViewController for further
processing.
5.3 Rate Driving
After finishing the filtering process, the computed motion
is used to analyze the driving. This is done by a subclass
of the AbstractRatingAgent. It distinguishes between
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four types of Incidents: excessive acceleration, deceler- Detecting
acceleration,
deceleration,
cornering and
speeding
ation (strong braking) , cornering (fast turn- takings) and
speeding. For this computation it uses the filtered motion
as well as the last received location and the current speed
limit. This section will describe the detection process in de-
tail, as well as explain calculations regarding the trip rating.
Strong acceleration, strong braking and fast turn-takings Exceeding defined
lower boundaries
indicating the start of
an Incident
are detected using the accelerometer data on the x and y-
axis combined with the rotation rate on the z-axis. For each
Incident exists a lower boundary defining the minimal g-
force that classifies a driving event as a possible Incident.
In addition to that, certain patterns were defined to lower
the rate of false positives.
The lower boundaries are used to trigger the Incident de-
tection process and the duration, the g-force stays above the
boundary, is measured. The duration is used to addition-
ally separate events caused by the driver from those that are
not driver related. Even after filtering, some combinations
of road condition and driving speed caused short peaks in
the measured g-force and lead to an false detection. Set-
ting the minimal duration for Incidents to at least half a
second verifies that a constant force is effecting the sensors.
Thus, the force lasts a certain time frame it is unlikely that
it is caused by outer influences and increases the possibility
that the g-forces measured are caused by an actual driving
action.
The next sections will describe in detail what causes a driv-
ing action to be classified as Incident. This includes the
algorithm to detect those Incidents as well as their effect
on the rating.
5.3.1 Acceleration, Deceleration and Cornering
At first, the RatingAgent looks at the rotation rate on the Using the rotation
rate to identify turn
takes
z-axis to decide if the car is currently driving a curve or is
driving straight. Tests showed that an absolute rotation
rate higher than 0.15 rad/s indicates that the car is driving
a curve. This results in the rating agent searching for an
Incident regarding cornering. Otherwise, based on the
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g-force measured on the y-axis, the rating agent searches
for an acceleration or deceleration Incident.
if |rot.z| >= 0.15
possible cornering Incident
else
if acc.y >= 0
possible deceleration Incident
else
possible acceleration Incident
To investigate the rotation rate in addition to the g-force
measurements was necessary since observing only accel-
eration on the x and y-axis lead to false detection. Some
situations and device positions lead to an increase in the
g-force measured on the x-axis, which then leads to a de-
tection of a cornering Incident although the car was not
driving around a corner at all. Using the rotation rate in the
first place for separating straight driving from turn-taking
solved that problem.
Acceleration is the cause of pressing the gas pedal or releas-
ing the brake resulting in a negative g-force on the y-axis.
Exceeding the lower boundary for half a second results in
an acceleration Incident.
To detect braking related Incidents, the g-force on the
y-axis is considered. A positive value indicates the decel-
eration of the car, potentially caused by the driver brak-
ing. Test drives have shown that driving elongated curves
can result in a positive g-force on the y-axis. This effect
becomes troublesome if the rotation rate does not indicate
that the car is driving a curve. This effect is related to New-
ton’s first law. When driving a curve, the car is kept from
driving straight through the occurring centripetal force that
is generated between the tires and the road. Since the de-
vice is somehow connected with the car, it is also kept from
moving straight, resulting in a similar effect like braking
the car and therefore a positive g-force measurement on the
y-axis. This can cause an exceeding of the lower bound-
ary resulting in a detected deceleration Incident by the
ratingAgent. This mostly happens when during driving
at high speed levels.
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Figure 5.8: Measured g-force on the accelerometers y-axis
during braking involving the pressing of the brake pedal
and releasing it.
NEWTON’S FIRST LAW:
Every body persists in its state of being at rest or of mov-
ing uniformly straight forward, except insofar as it is
compelled to change its state by force impressed
Definition:
Newton’s First Law
To distinguish between true and false braking events, the Separating true and
false braking eventsfact that releasing the brakes results in negative g-force on
the y-axis is used. Whereas in false events the g-force on
the y-axis stays positive after returning to a value lower
than the boundary, a true event results in a negative value
within a short time frame afterwards. A true braking event
is shown in figure 5.8. This means for the detection process
that if the g-force falls under the lower boundary and in the
observed time frame is smaller than one second, an braking
Incident is detected. Otherwise no Incident is created.
To detect excessive cornering (turning the steering wheel), Combining rotation
rate and g-force to
detect excessive
cornering
the rating agent observes the g-force on the x-axis as well
as the rotation rate on the z-axis. If the rotation rate in-
dicates that the car is driving a curve and in addition the
g-force on the x-axis exceeds a predefined boundary for a
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duration of at least half a second, the driving action is clas-
sified as an Incident. The system distinguishes left and
right cornering. Although the criteria for left and right cor-
nering Incidents are the same, to know the direction of
the curve allows the system to choose an appropriate visu-
alization of the event. This classification does not matter in
the later rating process.
Figure 5.9: Rotation rate on the z-axis and g-force on the
x-axis during cornering
The rating agent creates these Incidents by using the
PersistenceController. The penalty value as well
as the overall trip rating is explained in detail in 5.3.3—
“Rating Incidents”.
5.3.2 Speeding
Detecting speeding is done by using the CLLocation ob-Driving 5 km/h above
the speed limit
triggers speeding
notifications
ject’s speed attribute that is compared to the current speed
limit. Creating speeding warnings in the moment the speed
limit is exceeded is not a good design. Minor transgres-
sions of the current speed limit are considered normal in
the process of adapting the car’s speed to current speed
limit. Thus, only driving with a speed 5 km/h faster than
the current speed limit will be classified as speeding. This
decision is based on the outcome of the usability study of
the 3.4—“Teen Driver Support System”. Parents as well as
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teen drivers criticized speeding warnings in the moment
the speed limit is exceeded. Most of the participants sug-
gested a threshold of up to 5 km/h before a notification
is produced. When speeding is detected, the rating agent
informs the RecordTripViewController by calling
its RatingAgentDelegate method speedingStarted
and calls speedingEnded when the speeding ended.
5.3.3 Rating Incidents
The rating calculated for each trip is based on the
Incidents that were detected. Instead of directly using
the measured g-force, a penalty is calculated. This penalty
describes the severity of an Incident. To use the mea-
sured g-force directly would be inappropriate because the
same g-force for two different Incidents does not mean
that both events are perceived with the same severity. In
addition, Incidents added in the future may not involve
g-forces at all. Therefore, the penalty allows to compare
the severity for different kinds of Incidents to each other.
This section will describe this value and its computation in
detail. These computations are done by the RatingAgent.
As mentioned, three types of Incidents are differenti- Penalties for
incidents vary from
1.0 to 3.5
ated: acceleration, deceleration and cornering. After the
system detects one of these Incidents, it calculates a
penalty ranging from 1.0 to 3.5 where 1.0 indicates a mi-
nor Incident and 3.5 a major one. The penalty itself con-
sists of three parts: Basic penalty, g-force peak and dura-
tion. Adding up these three values in the final penalty as-
signed to the Incidents:
The penalty consists
of 3 components:
Basic penalty, g-force
and duration
penalty = bP + gP + dP
where bP is the basic penalty, gP is the g-force penalty and
dP is the penalty based on the duration.
To calculate the severity for each Incident, the system
uses three boundaries that are individually defined for each
of the three regarded Incident types. Each set of bound-
aries includes a lower, an upper and a critical boundary.
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Whereas the lower and upper boundaries define the range
of the regarded interval, the critical boundary is used to
additionally identify actions with a g-force in the upper
part of the interval. The upper boundary is important to
judge the strength of Incidents in relation to each other.
As mentioned above, the same g-force for two different
Incidents does not necessarily mean that both event are
perceived with the same severity.
The basic penalty for each Incident is predefined in theThe basic penalty
can be 1.0 or 1.5
based on the g-force
of the incident
Defines.h. Based on the g-force peak, the RatingAgent
decides whether the Incident is considered normal or
critical. The g-force peak is defined as the maximum
g-force measured in the interval the g-force stayed above
the lower boundary. This decision is based on the critical
boundary mentioned above. If the g-force exceeds this
boundary, the basic penalty is set to 1.5, otherwise it is
set to 1.0. To distinguish between normal and critical
g-forces allows a higher discrimination in the later overall
rating between drivers frequently reaching high levels of
g-force and those who only reached the lower levels of the
predefined intervals.
if gForcePeak >= INCIDENT_CRITICAL_BOUNDARY
basicPenalty = 1.5;
else
basicPenalty = 1.0;
Another part of the penalty computation is the g-force peak
measured. In addition to the lower g-force boundary, an
upper g-force boundary for each Incident is defined.
Based on the g-force peak and the lower and upper bound-
ary, a value between 0.0 and 1.5 is calculated.
gForcePenalty = 1.5 · ( (gForcePeak−`B)mB−`B )
where `B is the lower boundary and mB is the upper
boundary for the specific Incident.
The last part of the final penalty is computed using the du-
ration the penalty lasted. This duration is defined by the
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time the measured g-force is higher than the lower bound-
ary. This value lies between 0.0 and 0.5. The duration is
included since the longer an event is, the more it can be con-
sidered to be on purpose. In addition, the longer an event
takes, the higher its risk and the more the driving action
effects the passengers.
5.3.4 Calculating Trip Rating
Calculating and presenting a rating for each trip is the most The trip rating makes
it easy to compare
different trips
important feedback given by the application. It allows the
user to get an idea about his driving performance by just
viewing this rating. It allows an easy comparison between
different trips and drivers. This section will describe the
calculation in detail.
The aim is to use the penalties assigned to the Incidents Ratings range from
100 to 0described in 5.3.3—“Rating Incidents” and to calculate a
reasonable trip rating. This rating can go from maximum
score of 100 to 0 where scoring 100 indicates a trip without
any Incidents. The challenge is to make trips of differ-
ent length, Incident occurrence and Incident strength
comparable. In the following, several rating functions in-
cluding their advantages and disadvantages are described.
At first, it was the intention to use the weather condition in Weather information
does not influence
the overall rating
the rating process. Especially weather conditions like fog,
freeze, rain or snow were meant to influence detection cri-
teria and also influence the Trip’s rating. Many studies
investigated relationships between different weather con-
ditions and traffic accidents. These investigations found
conflicting results about the influence of weather on the
crash rate (Brijs et al. [2007]) and its effect on the road
safety. In addition, the weather information can be wrong.
These concerns lead to the decision that weather conditions
should not influence the detection nor the rating.
In the current system, speeding does not influence the trip Speeding does not
influence the overall
rating
rating nor results in any penalty. The user is just notified
that he is currently speeding and receives visual and audi-
ble feedback. Due to the possibility of missing speed limit
signs in the used open source databases and the possibility
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for the user to turn the speeding detection off, could neg-
atively influence the rating, making the overall compara-
bility of ratings less accurate. In addition to that, the speed
limits in these databases can be wrong resulting in a penalty
while not speeding at all. In later versions of the application
it can be considered to use commercial databases of speed
limits which would increase the reliability of the speeding
detection. With high reliability, speeding should influence
the rating. A possibility is to add “speeding-incidents” to
the system including a penalty that is based on the duration
the driver was speeding. In addition, the overall speed-
ing time already measured and displayed by the system,
should effect the rating as well. The penalty assigned to
this Incident should be based on the amount by which
the speed limit was exceeded.
Excluding weather conditions and speeding in the rating
calculation, the function calculating the rating should fulfill
the following characteristics:
• The rating should allow to compare all trips with each
other, regardless of distance and time,
• the maximum rating is 100.0,
• the rating should never go lower than 0,
• the rating should allow drivers to compare all their
trips to each other as well as to compare them to other
drivers,
• the rating should be a result of the trip duration/dis-
tance, Incident count and Incident penalty,
• the rating function should be continuous,
• the rating should be reasonable to the user by review-
ing his trip.
Distance vs. Duration
All Trips have to be normalized to allow users to com-Normalizing Trips
based on their
duration and/or
distance
pare them to each other. To normalize the Trips, the ap-
plication can use the distance and/or the duration of the
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Trip. Using the distance would have the advantage that
the same trip, for example driving to work, would also be
normalized with the same value since the distance between
the two start points does not change. The duration on the
other hand can vary very much. Having a higher dura-
tion for the same trip could indicate a higher traffic volume
making Incidents more likely.
In the end it comes down to the point whether it is harder
to drive longer distances, or whether it is harder to drive
for a longer duration regarding the avoidance of detected
Incidents. This highly depends on the context the trip
is recorded in. Driving on the highway, the driver could
travel long distances in less time compared to driving
through a city. Imagine a person driving for 30 minutes
on the highway and one driving 30 minutes through dense
city traffic, both causing 5 equal Incidents. Whereas the
person driving on the highway is able to drive a distance of
50 km (with an average speed of 100km/h) the other person
driving through the city only drove 15 km (with an average
speed of 30km/h). The rating for the highway trip would
result in a higher value than the rating for the city trip does.
This seems wrong because it can be expected that driving
through dense city traffic results in more driving actions re-
garding acceleration, deceleration and cornering than driv-
ing on a highway.
Now imagine another person is driving on the highway for Trip distance does
not include the
frequency of
measured events
9 minutes, traveling the same distance as the person driv-
ing in the city. Again, both receive 5 Incidents with the
same strength. Using the distance, both trips would receive
the same rating. A rating based on the duration would ben-
efit the city trip. From an objective point of view this rat-
ing would be more appropriate since the highway driver
caused his Incidents far more frequently than the city
driver did. In addition, it can be expected that passen-
gers feel more uncomfortable with more Incidents in a
shorter time frame. Therefore, the duration is used to nor-
malize the trips including one minor change. The dura-
tion used will not be the duration between start and fin-
ish time of the trip. Instead, the duration the car is actu-
ally moving is considered. This excludes a major disadvan-
tage of the duration, that standing still increases the dura-
tion and therefore increases the overall rating. Causing no
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Incidents while not driving at all should not benefit the
rating.
Dividing the trip into several parts
The first idea was to split up the trips into several partsSplitting up the trip
into several parts
and rating each part
individually
and to rate each part independently. A 40 minute Trip
would be divided into four parts with a length of 10 min-
utes each. Each part contains the Incidents occurred in
its time frame. For example the first part would include all
Incidents detected in the first 10 minutes. The second
would include all Incidents from trip minute 10 to 20,
the third from 20 to 30 and the fourth from 30 to 40. Each
part is rated with a value reaching from 100 to 0. The over-
all rating is calculated by building the average of all part:
rating =
∑
f(parti)
n
where f is a linear rating function and n is the number of
parts the trip has been divided into. The function assigns a
value based on the Incident count and the average of the
Incidents penalties in the part. Using a fixed time frame
of a maximum of 10 minutes would make it easier to setup
the rating function regarding its parameters and the points
subtracted per Incident.
A problem occurs if a part contains Incidents in num-
ber and strength, that the part’s rating would result in a
negative value. Imagine the rating function is defined in a
way that it allows 5 Incidents with an average penalty
of 2 resulting in a rating of 0. This means that more than
5 Incidents in this part do not influence its rating any
further . The positive effect of this is that the driver is able
to achieve a high rating, although he had a short period of
time where he caused many Incidents. This effect could
be useful for long trips.
Table 5.1 shows an example of a Trip with a length of 40
minutes resulting in 4 parts. R1 displays the computed rat-
ing by the function for part 1 containing the numbers of
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Trip I1 I2 I3 I4 R1 R2 R3 R4 Rating
1 1 1 1 1 80 80 80 80 80
2 8 0 0 2 0 100 100 60 65
3 3 3 3 1 40 40 40 80 50
Table 5.1: Comparing different trips with a length of 40
minutes split into 4 parts. Each part is shown with the num-
ber of incidents(Ii) and a rating (Ri)
Incidents that are displayed in I1. The last row shows
the overall Trip rating. For simplicity, the function used in
this example does not include the average penalty and sim-
ply subtracts 20 points per Incident. The problem that
occurs now is the fact that the second Trip receives a rating
of 65 whereas the third Trip only receives a rating of 50,
while both Trips contain 10 Incidents. This shows that
the rating is strongly effected by the occurrence time of the
Incidents. A user reviewing and comparing these two
Trips and their rating would not be able to understand
the reason why the two ratings differ that much. To under-
stand that, the application would need to display the rating
for each part. This would increase the overall complexity of
reviewing and understanding the Trip’s rating. In addi-
tion, the definition of the part’s length adds some kind of
randomness to the rating where the occurrence time of an
Incident plays an important role.
Putting incidents in context
Another idea was based on the time between Incidents. Average time
between incidents as
part of the
computation
The motivation behind this approach was that several
Incidents detected in a short time frame could be an in-
dicator that the driver currently is in an aggressive driv-
ing state and should receive additional penalties. The value
of interest could be the average time between the detected
Incidents. This value could be used as part of the for-
mula. Again, including the time the Incidents occur
in the rating could make it difficult for the user to under-
stand the rating. Depending on the situation, two small
Incidents close to each other could result in a lower rat-
ing than two strong ones that are far apart in time.
70 5 Implementation
Instead of using the average between all Incidents asA penalty factor
increases the penalty
of incidents
temporally close to
each other
part of the final trip rating computation, Incidents tem-
porally close to each other could effect the penalty calcu-
lation. Additional Incidents detected in a certain time
frame after the last detection increase a penalty factor, re-
sulting in an overall increased penalty for the detected
Incident. This would indirectly effect the final rating as
well. An advantage of this would be that the user could
relate the trip rating to the number of the Incidents and
their penalties. A disadvantage of this is the fact that the
penalty of the Incident itself is not only related to its spe-
cific characteristics used for the previous penalty calcula-
tion (5.3.3—“Rating Incidents”). The penalty, as well as the
feedback, would suggest a strong Incident to the user,
while the Incident alone would have been classified as
minor. Although this penalty factor is implemented in the
system, it is currently disabled because the penalty should
represent the Incidents severity.
Rating the trip as a whole: linear vs degressive rating cal-
culation
Another solution is to rate the Trip as a whole using aThe linear function
subtracts a fixed
amount of points for
each incident
linear and a degressive function. In the linear approach
a fixed point subtraction is calculated and the maximum
Trip rating is lowered by this number for each Incident.
First, the average penalty of all Incidents is calculated
as averagePenalty =
∑k
i=1 pi
k , where k is the number
of Incidents the trip contains and pi is the penalty of
Incident i.
As mentioned, the Trips will be normalized over their du-
ration. For example a 10 minute trip with one Incident
with a penalty of 1.0 and a 20 minute trip with two
Incidents and an average penalty of 1.0 should result
in the same rating. The duration is measured in sec-
onds. A value called allowedPenaltiesPerSecond is de-
fined which indicates how many possible Incidents per
seconds are allowed before the rating reaches 0. In the
following allowedPenaltiesPerSecond is 0.025 which indi-
cates that more than one Incident per 40 seconds with an
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average penalty of 1.0 results in a rating equal to 0.
This value controls the strictness of the rating calculation. It Defining the
strictness of the
rating function
is difficult to say what number of Incidents should be al-
lowed in a trip of a certain length. The value has changed a
lot during the development and testing process. It was cho-
sen by calculating the rating of several trips with different
parameters and comparing these ratings. This value repre-
sents an approximation to calculate a reasonable rating for
trips of a certain duration, Incident count and average
strength. As long as this value is not chosen too high or
too low, it does not affect the purpose of the rating because
the ratings are still comparable although they might seem
to high or low.
Duration Penalty Count Average Penalty Rating
300s 1 1.0 86.67
600s 1 1.0 93.33
600s 2 1.0 86.67
900s 2 1.5 86.67
1200s 2 1.0 93.33
1200s 4 1.0 86.67
1200s 2 2.0 86.67
1200s 15 1.0 50
2400s 30 1.0 50
Table 5.2: Comparing trip ratings for trips with different
duration, average penalty strength and number of inci-
dents calculated by a linear function
After defining the allowedPenaltiesPerSecond, the
maxAllowedPenalties for the trip are calculated. Finally,
the points subtracted for each Incident and the final
rating can be calculated with:
mP = duration · allowedPenaltiesPerSecond
pLp = (100 · (aP/mP ))
rating = 100− (pLp · k)
where aP is the average penalty and mP represents the
maximumAllowePenalties mentioned above.
Table 5.2 shows some examples of trip ratings calculated
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by this function. It displays the linear dependency between
the components and their influence on the rating. For ex-
ample a trip of 600 seconds with two Incidents results in
the same rating as a trip with a duration of 1200 seconds
and four Incidents.
Instead of using a linear function, an approach using a de-The degressive
function subtracts
points based on the
remaining trip rating
for each incident
gressive function will is discussed. Most of the calculations
done in the linear approach will stay the same but instead
of subtracting a fixed value for each Incident, the amount
of points that will be subtracted is based on the remaining
amount of points left. This results in
rating = 100
(1+aP/mP )k
where aP is the average penalty,mA the maximum allowed
penalties and k represents the numbers of Incidents.
Duration Penalty Count Average Penalty Rating
300s 1 1.0 88.23
600s 1 1.0 93.75
600s 2 1.0 87.89
900s 2 1.5 87.89
1200s 2 1.0 93.65
1200s 4 1.0 87.71
1200s 2 2.0 87.89
1200s 15 1.0 61.15
2400s 30 1.0 60.90
Table 5.3: Comparing trip ratings for trips with different
duration, average penalty strength and number of inci-
dents calculated by a degressive function
Table 5.3 shows the ratings calculated by the degressiveRatings calculated by
the degressive
function are higher
function. Compared to table 5.2, the ratings are higher.
In addition, to double the trip duration and number of
Incidents does not result in the very same rating. Most
of the time the difference is smaller than one point making
it acceptable regarding the previous defined goals for the
rating function.
Comparing the linear to the degressive function, it has a
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Figure 5.10: Comparing a linear and degressive approach
for calculating the trip rating. The trip has a duration of
1200 seconds and an average penalty of 2.0
huge disadvantage. Once the Incident count exceeds
the number of maximumAllowedPenalties, the rating be-
comes negative. Since negative ratings don’t make much
sense these ratings would result in a rating of 0.
Figure 5.10 shows the rating computed by each of the de- The degressive
rating keeps drivers
from receiving a 0
rating
scribed functions in relation to the number of Incidents.
An additional Incident would lead to a linear rating
smaller than 0 whereas the degressive rating would still be
above 0. In fact it is impossible for the degressive rating to
result in a value smaller than 0. This allows a comparison
between drivers with a high number of Incidents with
the degressive function (in this case more than 30) whereas
this is not possible with the linear one.
Another advantage is the degressive course of the rating.
The first Incidents result in a higher point subtraction
making high ratings harder to achieve which raising the
ambition of the user to avoid even a single Incident. On
the other hand, users with a lot of Incidents do not fin-
ish a trip with rating of 0 because with each new Incicent
the amount of points that gets subtracted gets smaller.
Although both functions were implemented, later research
will use the degressive function because of its advantage to
assign a higher rating to Trips with a lot of Incidents
while still making it hard to achieve a very good rating.
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In addition, the amount of points that are going to be sub-
tracted for each Incident is highly controlled by the value
set in the maximumAllowedPenaltiesPerSecond parame-
ter. Since this approach has not been tested in a large scale,
choosing a disproportionate value could result in very high
or low ratings when using the linear approach.
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Chapter 6
User Interface
“Beauty and brains, pleasure and usability -
they should go hand in hand”
—Donald Norman
Detecting and rating possible Incidents is only one as-
pect of the application. Another aspect is the visualiza-
tion and notification about detected Incidents to help the
driver to avoid these mistakes in the future. The user inter-
face should provide an instant usability and the feedback
given to user should be understandable and intuitive. The
application’s user interface as well as the development pro-
cess are described in this chapter in detail.
6.1 First Iteration
At first, navigation through the application was possi-
ble via a UINavigationController and a UITabBar-
Controller. The UITabBarController included three
tabs that made it possible to access the recording function,
the trips overview and the settings of the application.
To record a new Trip, the user selects the “Record” tab UITabBar and
UINavigationBar to
navigate through the
application
of the UITabBarController. The view that appears
can be seen in figure 6.1 on the left and represents the
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Figure 6.1: The RecordTripViewController (left) and
the driver’s logbook (right) in their first design
RecordTripViewController. The view included sev-
eral information like the current time and date as well as
general information about the trips already recorded. In
addition, weather information including temperature and
the current condition are displayed. Next to that the dis-
tance driven and the current speed of the car are shown.
In the middle of the screen a huge four digit number dis-
plays the current Trip points. Below that a graph displays
the current acceleration measured on the three axis. At the
views bottom is a huge button that allows the user to start
and stop the recording of a Trip. Pushing the button in the
upper right corner allows the user to name the Trip.
The tab Logbook opened a UITableViewwith two groups.
First, a summary displaying the number of all trips
recorded and the average points regarding theses trips are
displayed. Below that all Trips are listed in descending
order. Selecting a Trip would cause a new UITableView
6.2 Second Iteration 77
to open that displays detail information about that Trip.
6.2 Second Iteration
Figure 6.2: Possible settings the user can choose from.
These settings can be accessed through the settings appli-
cation of the iPhone
Analyzing this first approach of designing the user inter- Moving settings to
the iPhone’s setting
application
face led to several changes. At first, the idea of using an
extra tab for displaying the settings of the application was
discarded. Instead, the settings were moved to the settings
application of the iPhone as recommended by development
guide lines. Several new options were added to the settings
(figure 6.2). In addition to the options already included in
the first prototype, the user can choose whether or not he
would like to include speed limits. When choosing to use
speed limits, the user has the options to choose which of
the previously mentioned speed limit databases he would
like to use.
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Figure 6.3: Logbook of the application represents the initial
view controller for the application
After removing the settings from the application, theRemoving the
UITabBar as
navigation element
UITabBarController remained with only two tabs. This
led to the decision to remove the UITabBarController
entirely. The starting point of the application is now the
“Logbook” displaying all trips in an UITableView. To
record a new Trip, the user adds a Trip to this table view
by selecting the “+”-button in upper right corner shown in
figure 6.3. This opens the RecordTripViewConroller
which is responsible for recording a new Trip and giving
feedback to the user while driving.
The next section will describe the RecordTrip-
ViewController in detail and will explain the feedback
given to the user while driving.
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6.2.1 Trip Recording
When starting the recording, the RecordTripView- Check for location
and network
connection
Controller checks whether the location service and a
network connection is available. If one of those ser-
vices is missing, an alert view notifies the user to en-
able these services. After dismissing the alert view, the
interface returns to the “Logbook”. Since the recording
itself does not require any user interaction, the applica-
tion is kept from idling and switching off the screen by
setting idleTimerDisabled to YES. When leaving the
RecordTripViewController this value is set back to
NO.
Refine the First Iteration
The first interface design of the RecordTrip- Unnecessary
information is
removed
ViewController (figure 6.1) was completely revamped.
The first version included much information that is not
relevant for the user and the overall aim of the system to
provide feedback regarding his driving. This led to the
decision to remove information about about time, date and
trips. In addition to that, the rating label was removed.
Although it would be possible to compute the rating based
on the current Incidents and the duration, the rating
would constantly increase or decrease during driving.
Only the rating calculated at the end of the trip is relevant,
and displaying a constantly changing rating the whole
time has no benefit for the user.
The same is true for the graph view. Displaying the cur-
rent acceleration measured, only suggests the user that the
application is recording and running. It includes no in-
formation about the driving itself nor indicates whether
Incidents were detected in an understandable way to
the user. The graph view as well as the button to start the
recording were removed.
After removing all unimportant information, only in- Using a MKMapView
to present feedbackformation about weather, distance and vehicle speed
remained. The complete screen is covered by a
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Figure 6.4: The new interface of the
RecordTripViewController containing a map as
the main resource for feedback (left). The right image
shows the view controller that allows the user to name his
trip
MKMapView. Figure 6.4 shows the new design of the
RecordTripViewController which contains the map
with the mentioned information displayed on the top.
When the user chooses to retrieve information about speed
limits, the current speed limit is displayed in the upper
right corner.
Presenting Real-Time Feedback
Using this map in combination with location updates al-Report incidents via
map annotations lows the application to display the current position of the
car. Instead of just showing the current location, the map
can be enhanced to display additional information via an-
notations and overlays. An annotation is a small image
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on the map defined by location coordinates. Classes that
would like to function as an annotation must implement
the methods provided by the MKAnnotation protocol.
The system distinguishes between five annotations (figure
6.5). This map and its annotations will be the main resource
of real-time feedback given to the user while driving.
Figure 6.5: Five annotations displayed on the
RecordTripViewController’s map. They indicate
trip start, trip end and Incidents regarding acceleration,
deceleration, cornering (from left to right)
The map is centered around the car’s current position. The
position is marked with a small image of a car named
CarAnnotation. The CarAnnotation is following the
car’s current position and changes in location cause the
CarAnnotation to move to that location. The map’s view
point is always centered around the CarAnnotation.
The recording does not start immediately after the Automatically
starting the trip
recording by
reaching 15 km/h
RecordTripViewController appears. This could cause
the system to detect Incidents while the user is placing
the device in the car. Since the button to start the actual
recording has been removed, a new way to start the record-
ing is required. The actual recording starts when a speed of
at least 15 km/h is detected. This allows the user to start
the application even on the way to his car without having
to fear to receive penalties while not driving. The user can
start the application and then place it in the car and start
driving.
As long as the speed measured does not exceed 15 km/h, Annotations mark the
trip’s start and end
points
only the CarAnnotation is updated on the map. After
the speed reaches at least 15 km/h, the recording starts
by setting the Trip’s start annotation at the current po-
sition. From this time on, each location update updates
the user interface regarding speed and distance. In addi-
tion, each location update results in the instantiation of a
new RoutePoint. As mentioned, the framework allows to
mark certain regions by placing overlays. Overlays make it
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possible to display complex shapes on the map. With the
list of RoutePoints it is possible to add a line to the map
showing the route of the Trip.
To create this overlay a MKPolyline is instantiated. TheOverlay displaying
the trip’s route according view to this is an instance of MKPolylineView.
The MKPolyline cannot be edited so it is necessary to cre-
ate a new MKPolyline with each location update. This
means that with each location update the old MKPolyline
overlay is removed from the map and a new one contain-
ing all RoutePoint coordinates is created and added to
the MKMapView.
The framework constantly tries to estimate the location
as accurate as possible. This can cause the application
to receive several coordinates describing the current posi-
tion. Adding all these received coordinates to the list of
RoutePoints would effect the MKPolyline negatively.
Thus, only location updates that have at least a 10 meter
distance to the last stored RoutePoint.
If the user has enabled speed limits before the recordingSpeeding results in
changing the
overlay’s color
started, the current speed limit is displayed in the upper
right corner. If speeding is detected by the ratingAgent,
the text color of the speed limit label turns red. In addition,
the route section the driver is or was speeding in is colored
orange. This allows the user to adjust his speed according
to the limit and allows him to review the sections where on
his route he was speeding. The MKPolylineView visual-
izing the overlay that describes the route can only be single-
colored. In addition, an MKPolyline cannot contain any
gaps between the points. This makes it necessary to add a
new MKPolyline for each speeding section in the trip. An-
other list containing the coordinates where the driver was
speeding is added to the Trip. Using this list, it is pos-
sible to create new overlays for each speeding section and
adding them above the overlay for the route. This results
in the route being classified into driving below and driving
above the speed limit.
Detecting an Incident results in the according annotation
being added to the map. In addition, an image version of
the annotation fades in. The image is larger than the actual
annotation to make it easier for the user to see what kind
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of Incident was detected. The image scales down and
becomes invisible shortly after the detection. The annota-
tion remains on the map. This allows the user to see which
Incident was detected by looking at the annotation. In
addition to that, a sound notifying the user is played if
sound has been enabled in the settings. The same holds
for speeding. This sound is important to notify users who
placed their device in a position where they are not able to
see the display.
If that is the case, keeping the display on would waste Trip recording as
background processbattery power. Since Apple introduced multitasking in
iOS 4.0, applications can continue processing even if they
are not in the foreground. This allows the user to use
for example a navigation software while still being able
to record his trip with the application. In addition,
background processing makes it possible to keep record-
ing even if the iPhone is locked. To keep the detec-
tion running, the application needs to receive location
and motion updates even when it is currently in the
background. To achieve this, the UIBackgroundModes
location and external-accessory are defined inside
the info.plist, allowing the application to continue re-
ceiving those updates.
Ending the Recording Process
By reaching the desired destination, the user finishes the
recording by pressing “Done” in the upper right cor-
ner. If the Trip is valid, meaning the Trip recording
started and the distance of the Trip is at least 1 km,
the user is able to choose a name for the trip. Other-
wise the RecordTripViewController is popped and
the application returns to the driver’s logbook. The user
can choose one of his previously entered names from an
UIPickerView or enter a new one which is afterwards
added to the list. If the user does not enter a trip tag, the
application automatically sets the name to “Trip i”, where
i is the trip number. After pressing “Done”, the recording
process is finished. All attributes of the Trip are set and
the trip is uploaded to the database.
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6.2.2 Trip Review
Figure 6.6: Table view showing the recorded information
providing the user the possibility to compare and review
his trips
After a Trip is successfully recorded, a detail view of theTable view
presenting the trip’s
information
Trip is presented to the user. It shows all information in a
table view displayed in figure 6.6. At the top the calculated
trip rating is shown since it represents the most important
information regarding the driving evaluation. The back-
ground color of this cell ranges from green to red where
green indicates the best (100 points) and red the worst (0
points) possible rating. Using this natural mapping of the
colors allows a faster interpretation of the results. Besides
the rating, the table view includes all other information
recorded.
By pressing the button in the upper right corner a
UIActionSheet is presented allowing the user to choose
between two tasks. The first one allows the user to compare
the current Trip with other Trips recorded. After choos-
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Figure 6.7: Comparing two trips by choosing the “Compare
trip” option from the UIActionSheet
ing to compare the trip, the user picks the trip he wants
to compare from a list containing all recorded trips. This
opens the CompareViewController that lists the most
important facts of each trip next to each other making it
easy to compare certain aspects of the trips (figure 6.7).
Figure 6.8: Rating posted on the user’s facebook wall
The other option allows the user to post his score on his Posting trip rating on
facebookfacebook wall. Since facebook is the leading social network
with over 500 million users, it represents a great way to
allow the user to share his rating with his friends even if
they do not have the application. It is also a great way for
making the application more popular. This feature is inte-
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grated by using the official iOS facebook SDK1 . After log-
ging into facebook, a post similar to the one shown in fig-
ure 6.8 appears on the user’s wall. The Trip’s rating can
only be posted on facebook once. If a Trip was already
posted, the option “Post on Facebook” is not displayed in
the UIActionSheet making it easy for the user to see if
whether already posted the results.
Figure 6.9: Paper-like transitions deliver the feeling of
browsing through a real driver’s log
Since the application wants to suggest the feeling of a
driver’s log, the user is able to page through the applica-
tions logbook like in a real driver’s log. This is achieved
by using an UIPageViewController that allows to page
through different Trip summaries by using paper-like
transitions. The visual effect of this can be seen in figure
6.9
1http://developers.facebook.com/docs/reference/iossdk/
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Annotation Map
In addition to review the trip on the basis of numbers, the Review trip using a
map viewcomplete trip can be reviewed by using a MKMapView. This
view can be accessed by selecting the cell at the bottom of
the Trip’s detail view as well as by pressing the button
in the compare view. This results in a view composed of
a map that shows the complete trip. The map includes all
annotations as well as the overlays describing the route of
the trip. The zoom level of the map is selected in such a way
that the complete trip is visible. At the top of the view the
frequency of each Incident as well as the time the user
was speeding is displayed.
Figure 6.10: The user can review his trip by using this map
view. The right image show how rotating the annotations
solves the problem of overlapping
Low zoom levels combined with a lot of annotations lead Improving annotation
images for a better
visualization
to an overlapping of the annotations and due to the their
same coloring, it became hard to identify the type of the
annotation. Therefore, the visualization of Incidents
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was enhanced by surrounding the symbol indicating the
Incident type with a red triangle. This triangle represents
a warning sign on German roads. The sign is rotated so that
one edge of the triangle points on the location where the in-
cident happened. This keeps the annotation borders from
merging.
Although this improved the visualization significantly,
Incidents very close to each other overlap in a wayRotating annotations
to dissolve
overlapping
that even on very high zoom levels, one Incident
is hidden below the other (figure 6.10 left). To solve
this the problem one of the Incidents is rotated (fig-
ure 6.10 right). The application checks whether two
Incidents are close in distance and they are, it chooses
the appropriated rotation based on the location of the
two Incidents. To achieve this, a new subclass of
MKAnnotationView is created. Overriding the draw
method allows to compute a rotated representation of the
Incident. This is also done during the recording process
in the RecordTripViewController.
Since all Incidents are rated based on their severity de-Annotation size
indicating incidents
strength
termined by the ratingAgent, this information should be
included in the representation of the annotation. Annota-
tions are scaled according to the penalty assigned to it. This
results in Incidentswith a high penalty being larger than
Incidents with a small penalty. Therefore, the user can
determine the strength of the Incident by viewing at the
annotation’s size. Doing this on low zoom levels results
in incidents with low strength being overlapped by those
with high strength. The reason for this is that the annonta-
tions are closer together and their size is not related to the
current zoom level. Therefore, scaling the annotations ac-
cording to their strength is done when the zooming level
reaches a certain value.
Selecting an annotation causes a call-out to appear.Annotation call-outs
provide additional
information
This call-out consists of a title indicating the type.
Incidents also have a label containing time and penalty
below that. On the right is an image additionally suggest-
ing the strength of the Incident. The higher the penalty,
the higher the bar in the image is (figure 6.10 right).
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6.2.3 Overview & Statistics
In addition to the possibility of reviewing a single trip, an
overview listing some facts regarding all recorded trips can
be accessed through clicking on the “Av. points”-cell in the
“Logbook”. This opens a table view that adds up the indi-
vidual numbers of the recorded trips regarding points, av-
erage points, time driven, average trip time, time speeding
and the number of Incidents for each type. Below that
the user can access the leaderboard and achievement view
controller and the online statistics web page.
Leaderboards & Achievements
The Game Center introduced in iOS 4.1 is a technology in- Using Game Center
for motivation and
comparing results to
others
cluded in the Game Kit framework that helps developers
to build up social games. It allows the developer to set
up leaderboards and achievements by using one account
through all Game Center supporting applications. The
auto-match function allows a simple way to build up net-
work games. Since this approach includes game-like char-
acteristics, some of the possibilities offered by the Game Kit
are used.
To raise the user’s motivation to use the application as well
as to encourage him to avoid Incidents, specific leader-
boards and achievements are integrated. The application
includes leaderboards for high scores in rating, the overall
score, the number of trips recorded and the distance trav-
eled. In addition, several achievements were added regard-
ing those categories.
Leaderboards and achievements are updated after a trip
has been successfully recorded. When the user is for-
warded to the trip’s detail view, newly earned achieve-
ments show up at the top if achieved. The leaderboards and
achievements can be accessed from inside the application
by using the GKLeaderboardViewController and the
GKAchievementViewController shown in figure 6.11.
The idea of using the integrated match making system was
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Figure 6.11: GKLeaderboardViewController and
GKAchievementViewController presenting the user
performance regarding all trips
discarded. Although it would be possible that differentMatch making could
lead to unintended
results
users challenge each other in an asynchronous way, this
could cause unintentional results. Challenging other users
could lead to some kind of racing application in which the
purpose of the application, to make driving safer, is lost.
Since the application only uses the Game Center to raise the
user’s motivation and allowing the user to compete with
other users and friends, it is not mandatory. Therefore, the
application can be used even without a Game Center ac-
count.
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Figure 6.12: Initial start page (left image) and page contain-
ing the top user classified in several categories (right image)
Online Statistics
A web page displaying the uploaded data can be accessed
by selecting the “Online Statistics” cell. This opens an Web page displaying
uploaded dataUIWebView which shows the web page. Using a web page
in addition to the leaderboards offers the users another
way to compare themselves to other users. In contrast to
the leaderboards, the possibilities how information is pre-
sented are not limited to any restrictions. The UIWebView
controls look the same as the ones used in Safari and allow
basic navigation as well as to dismiss the view.
The web page should be easy to use on a mobile device Web page specially
designed for mobile
devices
making it comfortable for the user to browse it. To achieve
this the jQueryMobile framework 2 is used. It allows the
developer to build up touch optimized web pages. It con-
2http://jquerymobile.com/
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Figure 6.13: Web page showing the list of all users (left)
and a user summary containing the rating and incidents as
charts (right)
tains several UI elements that are optimized for the use on
mobile devices.
The web page contains an overall user list (figure 6.13).
Users are identified by a previously selected user name.
The user himself can decide who gets to know his user
name to guarantee anonymity. To allow a faster naviga-
tion, the user list allows the user to search for a specific user
name.
By selecting a user, two charts are rendered. The first oneCharts displaying the
users progress shows the user’s achieved ratings for the last 20 trips in a
line chart. Below that, a bar chart indicates the incidents
detected during the trip. At the bottom, all trips recorded
by the user are listed. Selecting a trip reveals further de-
tails about the trip. Remember that all information stored
and presented on this web page cannot be related to a spe-
cific device and does not contain any location information
to ensure anonymity.
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Chapter 7
Evaluation
“True genius resides in the capacity for
evaluation of uncertain, hazardous, and conflicting
information.”
—Winston Churchill
This chapter includes two user tests. The first section de-
scribes an experiment which aims to determine the lower
boundary for each acceleration, deceleration and cornering
events. Participants in this experiment were advised to re-
port driving actions they classify as unsafe.
The second user test aims to validate the application’s main
task, to analyze driving and to calculate an appropriate rat-
ing for each trip.
7.1 Determining Boundaries
The rating of a Trip is based on the detected Incidents. Reasonable lower
boundaries are
needed for a reliable
detection and rating
As described in 5.3—“Rate Driving”, predefined lower
boundaries are used to classify driving actions as
Incidents. Exceeding the lower boundaries starts fur-
ther investigation that can result in an Incident detec-
tion. To compute a reasonable rating for a Trip, those
lower boundaries have to be set to a proper value. Setting
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up these values too low could result in false incident de-
tection. The application should only report driving actions
that are related to an unsafe and inappropriate driving be-
havior. If the application reports every driving action, the
overall feedback and learning effect would suffer. In the
worst case, with too many false detection, the application
would not be used anymore. On the other hand, too high
boundaries would only allow the detection of near crashes
and extreme situations.
Since there exist no data on g-forces that clearly separate
safe from unsafe driving actions which could be used for
this classification, the values have to be determined in an
experiment. Even if such data would exists, these values
had to be adopted because the detected motion data is fil-
tered which influences the intensity of the g-forces used in
the detection process.
An experiment was designed to determine the lowerPassengers report
situations where they
feel uncomfortable
boundaries for the three incident types. In this experiment,
passengers reported driving actions regarding acceleration,
deceleration and cornering, they judge to be unreasonable.
This helps to get an overview which g-forces cause passen-
gers to feel unsafe and unpleasant to calibrate the appli-
cation accordingly. Using these values, the application be-
comes some sort of back-seat driver who informs the driver
about unreasonable driving actions, like a passenger would
possibly do.
The experiment includes several trips. Each trip includesPassengers flag
inappropriate actions
by pressing a button
one driver and one passenger. The application is enhanced
to store all measured motion data as well as the timestamp
they were measured. The recorded data is stored on the
device in CSV-format. The user interface for this test con-
sists of three large buttons named “Acceleration”, “Deceler-
ation” and “Cornering” covering the complete application
screen. Pressing one of these buttons sets a hint in the data
that allows to identify when and what button was pressed
for later research.
The iPhone is placed inside a car mount that is attached toPlacing the iPhone in
a car mount to
ensure a fixed
position
the front window of the car. This is necessary to guaran-
tee a fixed device position even if the passenger is operat-
ing the device. Other positions, like the passenger holding
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the iPhone, could modify the accelerations measured by
the device. This could cause the later determined bound-
aries to be inaccurate. Before the trip starts, the application
is started showing the three buttons. While driving, the
passenger is advised to press a button if he thinks that the
specific driving action was inappropriate. For example the
driver is driving around a corner. If the passenger thinks
that the cornering was too sharp or the car is driving to fast
around the corner, he is advised to press the “Cornering”-
button.
The experiment included 15 trips, all with different driver- Investigating 15 trips
with 141 reportspassenger combinations and a total of 10 different users. In
addition, several cars were used. The trips were conducted
under clear weather conditions. The trip time reached from
10 to 25 minutes. The route was not predefined and was
chosen by the driver. After all trips were finished, the areas
of the stored data that were marked through the passen-
gers pressing one of the buttons, were reviewed. Each re-
port is associated with the measured g-force on the specific
axis. Since it cannot be expected that the passenger presses
the button in the moment of the highest g-force peak, the
g-force values in the interval 5 seconds around the actual
report are considered. During these trips, 141 driving ac-
tions were reported including 25 acceleration, 52 decelera-
tion and 64 cornering related events. Whereas the number
of deceleration and cornering incidents is almost the same,
only a few acceleration incidents were reported. In addi-
tion, half of them occurred in one trip.
As mentioned above, acceleration events were very rare Acceleration events
are rarely reportedcompared to deceleration and cornering events. A reason
for this could be that the drivers avoid to strongly acceler-
ate the car at all. Another explanation for this is that the
possibility to reach high g-force peaks regarding accelera-
tion is limited by the car.
Although the number of reports were far higher than ex-
pected, to determine exact and general applicably lower
boundaries from such a small set of test drives is difficult.
This is due to the fact that the participant’s classification,
whether a driving action is marked as an incident, is sub-
jective. In addition, this experiment is only able to evaluate
the maximum g-force that occurred. These g-forces do not
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directly indicate at which exact g-force level a passenger
starts to view a certain driving action to be inappropriate.
To evaluate such boundaries, as well as to better reflect a
passenger’s perception generally, a huge amount of people
had to participate in a specially designed experiment. Such
an experiment should somehow directly apply increasing
levels of g-force to participants in a regulated test environ-
ment. This would allow to clearly research at which g-force
level passenger’s begin to feel uncomfortable and relate it
to unsafe driving.
Nonetheless, for the system to operate the lower and up-Determine lower and
upper boundaries per boundaries for each event have to be defined. The
lower boundaries are the most important since they are
involved in the detection process. The lower boundary
should have a very high agreement with a passenger’s per-
ception, resulting in a very high reliability in the appli-
cation’s reports. They should be defined in a way that
application judgment↔ passenger judgment.
In this equation it is more important that passengers would
agree on the the application reports (a → p) than to detect
all incidents reported by a passenger (a ← p). Of course
this detection rate should also be as high as possible. This
is due to the fact that a complete agreement between appli-
cation and the passenger’s perception is hard to achieve. A
passenger’s judgment varies from person to person. What
some consider as strong braking, other might consider as
normal. In addition, the passenger has much more infor-
mation about the current situation and context, whereas the
application’s context is limited to the sensor data. This al-
lows the passengers to detect additional incidents that are
not detected by the smartphone’s sensors.
It is important that the application’s reports correspondReliability and
detection rate with a general and reasonable judgment and do not cor-
respond to the judgment of an extreme sensitive passen-
ger. Of course the lower boundaries could be set to a very
high value, making false detection highly unlikely, but this
would also cause the system to miss many events. The dif-
ficulty is to find a trade-off between a high reliability of the
application’s reports and an overall high detection rate. As
mentioned above, the application should be calibrated in
a way that if there is an incident reported by the applica-
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Figure 7.1: Point diagram containing the g-force peaks associated with the passen-
ger reports for cornering (left) and deceleration (right)
tion, there is a high probability that the driving action can
be classified to be inappropriate.
7.1.1 Lower Boundaries
Figure 7.1 shows the g-forces peak that occurred when the
passenger pressed the button to mark an incident regarding
deceleration and cornering. Due to the mentioned prob-
lems that this method of determining the lower boundaries
includes, it is not possible to use the lowest reported g-
force as lower boundary. To start the evaluation, the lower
boundaries are defined in a way that the application would
have reported about 80% of the events as well. Later anal-
ysis of the measured sensor data will investigate if it is rea-
sonable to reduce these boundaries further or if it is even
necessary to increase them.
Regarding deceleration, most of the reports had an associ- Improving the
boundariesated g-force peak higher or equal than 0.13g (84.6%). Re-
garding cornering, the g-force peaks reached higher val-
ues than 0.15g more frequently than it is the case for de-
celeration and acceleration reports. Whereas several pas-
senger reports start at around 0.11g, most included a g-
force greater or equal 0.14g (81.3%). Figure 7.2 shows the
g-force peaks associated with reports regarding accelera-
tion events. Compared to deceleration and cornering re-
ports, the reports for acceleration are overall lower in num-
ber and strength. To keep 80% of the reports above the in
lower boundary, it is set to 0.12g.
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Figure 7.2: Point diagram containing the g-force peaks as-
sociated with the passenger reports for acceleration
Since several reports are excluded by theses boundaries,
driving actions that were not reported and their associated
g-force peaks are investigated. Especially the frequency
these g-forces reach the interval around the previously de-
fined boundaries is important. If the analysis shows that
many not reported driving actions had a g-force as high as
the lower boundary, the boundary needs to be increased
to prevent false-positive detection. If that is not the case,
it is investigated if it is reasonable to decrease the lower
boundaries and therefore to increase the applications de-
tection rate.
Investigating the g-forces measured on the x-axis showedInvestigating not
reported driving
actions
that turn-takings that were not reported reached the inter-
val of 0.12 - 0.14 frequently whereas g-forces higher than
0.14 were very rare. Regarding braking related driving ac-
tions, the positive g-forces measured on the y-axis showed
the same. Whereas the interval of 0.11-0.13 is reached fre-
quently, values higher than 0.13 are rare. This led to the
decision to leave the two lower boundaries unchanged.
Investigating acceleration events revealed that there were
several not reported acceleration events with a g-force of
close or slightly above the previous defined boundary.
Keeping the boundary at 0.12 could result in many false-
positives regarding acceleration. Therefore, the boundary
is increased by 0.01 to 0.13 which excluded the mentioned
events.
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7.1.2 Upper Boundaries
As mentioned in 5.3—“Rate Driving” the upper boundaries Define upper
boundaries based on
the maximum
reported g-force
are needed to calculate the penalty value each incident re-
ceives. Compared to the lower boundary, this value is not
that important to the overall functionality of system. It
is needed to define the interval where g-forces are sepa-
rated. Furthermore it is required for the penalty calcula-
tion and to scale the incidents on the map. The boundary
should include g-forces that are likely to occur during driv-
ing. For example setting the upper boundary to 1 would
cause roughly 99% of all incidents detected are classified as
minor. To make a decision using the gathered data is dif-
ficult. The decision is based on the maximum measured
values.
Regarding these values the maximum boundary for decel-
eration is 0.35 and 0.4 for cornering. Observing 7.2, an up-
per boundary of 0.25 could be used for acceleration. This
would cause the acceleration interval to be relative small.
The low g-forces and the low number of events can be re-
lated to the low horse power of the cars that were involved.
It is likely that cars with more horse power can exceed a
boundary of 0.25. This leads to the decision to increase this
boundary to 0.35.
Each boundary is slightly higher than the highest measured
values because the boundary should at least be higher than
all measured accelerations. It is possible that even higher
boundaries for each event are reasonable but this decision
cannot be made using the gathered data.
This experiment provides an insight which g-forces cause
a passenger to report certain driving actions under the cur-
rent filter settings. Obviously more research and tests with
a larger number of cars and passengers is needed to adjust
and verify these numbers.
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Testing the Boundaries
First test drives using the above determined lower bound-
aries were satisfying for cornering and deceleration. Re-
garding acceleration, the system tends to be very sensi-
tive. When the car starts moving, sometimes high accel-
eration peaks were measured if not operating accelerator
and clutch perfectly, causing the lower boundary to be ex-
ceeded. Instead of just raising the lower boundary for accel-
eration, the system was enhanced to distinguish between
accelerating the car during driving and accelerating the car
while standing. While standing, the lower boundary for ac-
celeration incidents is increased, whereas it stays the same
while driving. This solution allows to filter acceleration in-
cidents detected by the system when starting to move the
car and still be able to detect strong accelerations while
driving. To determine an appropriate value for this addi-
tional lower boundary is difficult since this effect was rarely
observed.
Using the small data set available, the boundary was set toAdd a second lower
boundary for
acceleration events
0.17. This value represents the lowest possible value that
would have prevented an detection in the first place. Of
course more research is needed to validate this decision. In
addition, it could be considered to scale the boundary in ac-
cordance to the actual driving speed. Since there is no data
to define a reasonable scaling factor, the fixed boundary is
used.
7.2 System Validation
To validate whether the system is able to predict a passen-
ger’s sensations about certain driving actions, a user test is
performed. To judge the application’s results, the test uses
experienced drivers as experts. Both, application and par-
ticipants, rate trips and will report certain driving actions
as incidents.
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7.2.1 Experiment Setup
The experiment requires participants to drive a trip. The Trips rated by
passengerstrips take place on a public road. Although this field test
includes many uncontrolled variables like traffic, weather,
road conditions and trip duration, it permits to evaluate the
system under real conditions.
To minimize the effect of these variables, each participant
drives the same route. This guarantees same trip length
and similar duration. The route includes several types of
roads with different speed limits. To limit the traffic, rush
hours are avoided. The iPhone is mounted on the front
shield in portrait mode.
Throughout all trips, the independent variables are the Exchanging drivers
and passengers
throughout the
experiment
driver, the passengers including their position in the car
and the car that is used. Exchanging the driver allows to
test the system against various driving styles. As men-
tioned, the system’s trip rating and analysis will be com-
pared with that of the passengers. To evaluate if the appli-
cation reports and ratings represent a general judgment of
passengers, multiple participants are included in the exper-
iment. Allowing several passengers to rate and analyze the
trip at once, makes it possible to compare the passengers
perception to each other. The more passengers will mark
a certain driving event, the more likely the event can be
considered as a faulty driving action. This increases the im-
portance for the application to report this event, as well. In
addition, multiple participants make it possible to identify
outlier.
The application’s interface is modified that no visual or au- Disable all feedback
dible feedback about reports is perceived by the driver or
the passengers. The application logs all measured sensor
data as well as information about the detected incidents for
later evaluation.
An iPod Touch is handed to each passenger. Participants Using iPod Touches
as input devices for
passengers
use a specially developed application to report strong accel-
eration, hard braking or sharp turn turn takings. The appli-
cation (figure 7.3) consists of two screens. The first screen
displays three buttons for each of the mentioned driving
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Figure 7.3: The iPod Touch application used by the passen-
gers to report driving actions and to rate the trip
actions at the screen’s bottom. On top of this is a text field
summarizing the reports, allowing the participant to vali-
date his button presses. After the trip is finished, the pas-
senger gets to a second screen by pressing “Done” in the
top right corner. It includes a summary of the reports and
two segment controls. The first one is used to specify the
participants position in the car, the second one is used to
assign a rating to the trip. The participant’s position is im-
portant to match the logs to a certain participant later on.
Pressing “Done” again generates a log stored on the device
that is used in the later evaluation process.
7.2.2 Procedure
Each test run starts at the same location. The application is
fixed on the front shield using a car mount. Each passen-
ger receives an iPod touch with the application running.
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The driver is instructed to drive as usual and gets informed
about the predefined route.
At first, all participants fill out a questionnaire. After that,
the participants get a short explanation about their task and Reporting incidents
based on type and
strength
the interface of the iPod application. During driving, each
passenger reports driving actions regarding acceleration,
deceleration and cornering which he considers to be inap-
propriate. The participant can choose from three buttons
for each event. The buttons are labeled with an image re-
lated to the event. The images on the buttons differ in size
and are the same the application uses to provide feedback
in the map views. The three buttons allow the participants
to report a certain driving action with a strength of 1 (small
image), 2 and 3 (large image). Pushing the button with the
smallest image reports the last driving action to be possi-
bly inappropriate and if, it can considered to be a minor
transgression. Pressing the button in the middle indicates
that the driving action is clearly considered to be unsuited.
The last button displaying the large image is used to report
excessive and aggressive driving actions.
The devices are synchronized by pressing a start button at
the start of each trip. This is needed to match the logs from
the passengers and the application in the later evaluation.
By reaching the destination, the driver as well as the pas-
sengers finish the logging process by pressing the “Done”-
button.
Each set of passengers completed four trips, each with a
different driver.
7.2.3 Participants
Eight participants were recruited for the final evaluation. It Two groups, four
participants eachwas mandatory that each of the participants is owner of a
valid driving license. The participants were split into two
groups. Each group exchanged the driver until every par-
ticipant drove once. This results in a total number of eight
trips, four for each group.
Two female and six male people took part in the test. Six
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Figure 7.4: Distribution of the participant’s age and driving
experience
of the participants were between 23-27 years old and two
were older than 50 years. Every participant had a driving
experience of at least six years with a median of eight years.
75% drive daily and seven of them own a car. Only one par-
ticipant stated that he is driving sporadically and does not
own a car. Most participants estimated their driving behav-
ior as safe and speedy. Most of the participants stated good
driving experience on country roads and urban driving, the
kind of streets where the test took place. All results of the
questionnaire can be seen in B.1.
A total of four different cars were used in the test. The cars
were varied to test the system in different cars and was in
some cases necessary to guarantee insurance cover.
7.2.4 Data Processing
Before the gathered data can be analyzed, the logs for eachMerging the logs of
all devices trip has to be merged. Each of the four devices (1x iPhone,
3x iPod touch) created a log for each trip. The application
logs contain sensor data, reports and the final trip rating.
The iPodTouch logs contain the reports of one passenger.
Both devices add a timestamp to each entry which indicates
7.2 System Validation 105
the time that has passed since trip start and button press.
As mentioned above, the start of a trip is set by pressing
the start button on each device.
The evaluation aims to compare the agreement between ap-
plication and passenger. To achieve this, the reports that de-
scribe the same driving action have to be merged to events.
This process is based on the timestamp and the type of each
report.
Several rules were applied to merge the reports from the Grouping together
events of the same
type and temporally
close
different devices and thus classifying them as describing
the same driving action. Obviously only reports of the
same type are merged. In addition, there are three differ-
entiated possibilities:
• A passenger reported a driving action that was also
reported by the application
• A passenger reported a driving action that was also
reported by another passenger, but was not reported
by the application
• A passenger reported a driving action that was not
reported by the application or any other passenger
At first, a time interval is chosen that indicates which re- Defining time
intervals to
compensate different
reporting behaviors
ports are merged. Regarding reports of the application, all
reports in an interval within 6 seconds around the report’s
timestamp are merged. This interval might seem large but
it is needed to compensate possible differences in the re-
porting behavior of each passenger. Some might tend to re-
port a driving action in the moment it begins. Other might
wait till the driving action ended. Certain driving actions,
especially driving a curve and braking, can have a duration
of up to 4 seconds. This requires the interval to be at least 4
seconds to avoid that reports that describe the same action
get split.
In addition, the interval needs to compensate inaccuracy
in the calibration process at the start. It is unlikely that
all four start buttons are pressed in the exact same mo-
ment. Furthermore, the passenger needs some time to de-
cide whether or not to report the driving action and which
106 7 Evaluation
strength to select. As mentioned in 5.3.3—“Rating Inci-
dents”, the application triggers an incident in the moment
the g-force falls back below the lower boundary (and of
course lasted long enough) for acceleration and cornering
events. This means that the temporal distance between re-
port and the actual driving action can vary and probably
result in a report at the end of the driving action. This can
increase the time difference given by passengers that tend
to report early. To compensate all mentioned concerns, the
interval is extended by 2 seconds. If several possibilities ex-
ist to merge a passenger report with an application report,
the report is merged with the closest one.
Regarding passenger reports that do not lie in an intervalMerging passenger
reports to events of an application report, another way to match possibly re-
lated report is needed. Passenger reports are defined as be-
longing together if they define a group where each event is
at most 5 seconds away from the others. If more than one
event could be placed in a group, the one which is the clos-
est to the others is used. The interval is 1 second smaller
than previous interval because in this case the difference
between the actual driving action and the moment it is re-
ported by the application does not need to be compensated.
7.2.5 Results
The experiment includes 8 trips with 8 different drivers.Evaluating 8 trips
including 86 unique
events
During all trips the system detected 39 incidents and over-
all 161 passenger reports were logged, resulting in 86
unique events. As in the previous experiment, the number
of events is higher than expected.
Both, application and passengers, reported deceleration in-
cidents at most, followed by cornering. Events regard-
ing acceleration were rare compared to the other two. Es-
pecially the application reported only four acceleration
events. This matches the result of the 100-Car Naturalis-
tic Driving Study 2.1—“The 100-Car Naturalistic Driving
Study” and the first experiment 7.1—“Determining Bound-
aries”. Again, a explanation of this could be that drivers
just avoided strong acceleration. Another could lie in the
possibility to reach high acceleration values which highly
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Acceleration Deceleration Cornering Total
Events 18 39 29 86
1 Passenger 10 16 10 36
2 Passengers 6 8 8 22
3 Passengers 1 15 11 27
App 4 19 16 39
Table 7.1: Reports by the application and the passengers regarding the three differ-
entiated driving actions and their total number of events. Passengers are split into
three groups representing the number of passengers reporting the same event
depends on the power of the car. In addition, this is re-
duced further by the fact that 4 people increase the weight
of the car significantly. Cornering and breaking actions are
more independent of the car.
The test was conducted under clear weather conditions, The experiment took
each group about 1.5
hours
dry roads and a temperature of about 10 degree. Both
groups drove on a Sunday afternoon to avoid dense traffic.
Each run took the participants about 1.5 hours including all
explanations and the questionnaire. The driving time was
about 12 minutes for each trip resulting in a total of about
50 minutes driving time for each group.
The route included all speed limit zones ranging from 30-
100 km/h. The route’s streets included newly asphalted
roads as well as roads in bad condition. The experiment
and the application are evaluated based on previous de-
fined hypotheses regarding report and rating agreement.
Investigating Reporting Agreement
At first, the evaluation will focus on comparing reports by
passengers and application to investigate if the system is
able to detect driving actions that were classified to be in-
appropriate and unsafe by the passengers. The study wants
to prove the following hypotheses:
H1: The application represents a passenger’s perception
and judgment about certain driving actions and driving
style
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This hypotheses aims to show that it is possible to detectProving the
applications
capabilities to detect
certain driving
actions
improper driving actions and that it is possible to simulate
a passenger’s impression regarding driving style based on
accelerometer and gyroscope sensor data. It also aims to
show that the defined lower boundaries and the classifica-
tion algorithm represent a robust basis for decision making
whether or not an driving action is unsuited. In summary
it aims to prove
application judgment↔ passenger judgment
H1 will be evaluated based on the events that were gener-
ated by merging the individual reports. The study is based
on 86 events (table 7.1). In summary 86 events will be in-
vestigated.
It was already mentioned in 7.1—“Determining Bound-Dividing the
hypotheses aries” that comparing reliability and rate of conformity
with the passengers is important to decide if the systems
is working and to prove H1. Thus, the hypotheses is split
and the mentioned aspects a → p and a ← p are investi-
gated separately.
H1.1: Driving actions reported by the application are also
reported by the passengers (a→ p)
As previously mentioned, this is the most important aspect
of H1. The system should work robust and should not gen-
erate incident reports out of nowhere. In addition, the ap-
plication should not report driving actions that passengers
have not reported.
The hypotheses will be research based on the set of 39The application
reported 39 incidents events that were reported by the application. This includes
4 acceleration, 19 deceleration and 16 cornering events.
Again, compared to the other driving actions, acceleration
events were very rare. This matches the results from the
first experiment.
Regarding the 39 events reported by the application, 38 of
them were reported by at least one passenger. This high
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Figure 7.5: Comparing the number of passengers that re-
sponded to a certain event reported by the application for
each of the three differentiated driving actions
correspondence of 97% shows that the system works ro-
bust and does not generate reports for driving actions that
no passenger have reported. In addition, it proves that the
current calibration and filtering successfully removes noise
from the motion data and prevents reports that are unre-
lated to the current driving.
The events are further analyzed by looking at the number Most incidents
detected are also
reported by all
passengers
of passengers that also reported the event. Figure 7.5 dis-
plays these numbers. Obviously, the more passengers re-
port an event, the better. Overall 64.1% of all events were
marked by three passengers. This value indicates that the
application has a successful classification rate of at least
64.1%. Especially regarding deceleration events, all passen-
gers agreed on 78.9% of the application reports.
That is a satisfying result since it can not be expected that
all passengers share the same opinion among all events.
Even if only two passengers report an event, it can be as-
sumed that the application’s report is justified . Consider-
ing events with two passengers, the overall agreement in-
creases to 92.3%. In addition, 76.3% of the application re-
ports were reported by passengers with a strength of 2. Re-
garding each driving action alone, acceleration events come
up with the lowest agreement rate. Since only 4 events are
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contained in the set of events, it is hard to make any further
conclusions.
In summary, in 64.1% of the cases, all 3 participants alsoConfirming H1.1
based on the high
overlapping
reported the incident. In 92.3%, at least 2 participants, in
97.4%, at least 1 participant. From this high overlap we can
conclude that H1.1 is confirmed in the majority of cases.
Discussion
One event was only reported by the application and noOne incident
included no other
reports
other passenger. Looking at figure 7.5, the event missed
is an incident regarding acceleration. Why was this accel-
eration event missed by all passengers? One reason could
be that the lower boundary for acceleration is set too low.
The incident’s penalty of 2.74 indicates that the boundary
was not just slightly exceeded. In addition, two other accel-
eration events received a lower penalty but were detected
by two passengers. Thus, a too low lower boundary is not
responsible.
Reviewing the sensor data around the time the incident
was reported revealed that this acceleration incident was
the second in a sequence of two acceleration events in the
same trip. The sensor data as well as the location of the
incidents suggests that the driver accelerated, changed the
gear and accelerated again. Although two passengers re-
ported the first, they did not report the second. Knowing
this leads to the conclusion that the passengers perceived
the process of accelerating the car through several gears as
one event. After reporting the first acceleration, they prob-
ably thought that they already reported it when the second
happened. Regarding the application’s reports, accelera-
tion reports close in time could be merged.
H1.2: Driving actions reported by passengers are also re-
ported by the application (a← p)
This hypotheses aims to investigate the number of eventsThe detection rate is
44.7% that were reported by at least one passenger and how many
of them are reported by the application. Overall 85 events
were reported by passengers. 38 of them were also reported
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Figure 7.6: Events reported by passengers compared to the number of events re-
ported by the application. For each number of passenger and each event two bars
display the number of reports by passengers (blue) and the number of reports by
the application (red). The green dot indicates the how many of these events could
be detected.
by the application resulting in an detection rate of 44.7%.
To further research the detection rate, the number of pas-
sengers that reported an event are compared for each event.
The more passengers report an event and the higher the
strength of it, the more important it is that the system also
detects it. In addition, it is more likely that the driving ac-
tion can be considered to be inappropriate.
Figure 7.6 displays a bar chart comparing the number of Comparing detection
rate for events that
received 1,2 or 3
reports
events reported by a certain amount of passengers and
the application’s respond. Regarding events reported by
all passengers, the detection rate is 100% for accelera-
tion and deceleration events, and 82% regarding corner-
ing events. In summary this results in an detection rate of
92.6% of events all passengers reported. The detection rate
for events reported by one (6%) or two passengers (50%)
are significant lower. Regarding the strength, 100% of all
events at least reported by one passenger with a strength
of 3 were detected. Thus, no driving action that a passen-
ger reported as excessive and aggressive was missed. In
addition, the system was able to detect 85% of the events
reported by two or more passengers with a strength of 2.
Filtering events based on their reported severity
The detection rate of 44.7% is calculated based on all events Excluding events
reported with a
strength of 1
reported by passengers and does not consider the strength
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Figure 7.7: Effect on the number of events by excluding cer-
tain events. Removing 1’s removes all events from the data
set which are only reported with a strength of 1. Removing
outlier removes events from the data set only participant 3
or 6 reported
of the passenger reports. Because the overall detection rate
regarding events reported by one or two passengers seems
low, the strength of the reports is reviewed. As mentioned
in 7.2.2—“Procedure”, participants could choose from three
different strength when reporting an event. If the partici-
pant was not sure whether or not he considers an driving
action to be inappropriate and unsafe, he was advised to re-
port it by pressing the button displaying the smallest image
and therefore generate a report of strength 1.
How do these events that are only reported with a strength
of 1 effect the detection rate? Reviewing all events revealed
that 24 of the 85 were only reported with a strength of 1.
Especially in the set of acceleration events, 47% fit this con-
dition. After removing these events, the overall detection
increases to 62%. The effect of this filtering process on the
number of events and the detection rates is visualized in
figure 7.8 and 7.7 and is labeled with “Removing 1’s”. Espe-
cially the detection rate regarding events that were marked
by two passengers, increased by 35%.
Identifying and filtering outlier
In addition to the high number of events only reported withIdentify outlier that
negatively effect the
detection rate
a strength of 1, 42% of all 85 events were only reported by
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Figure 7.8: Effect on the detection rate by excluding certain events
one passenger alone. Researching how often a certain pas-
senger reported an event alone could identifier outlier in
each group. A high number of single presses by one partic-
ipant could indicate that he does not represent the general
opinion and is very sensitive or even worst, that he did not
understood his task causing him to press buttons unrelated
to the current driving actions.
At first, using all events, confusion matrices are created to
evaluate the agreement of each participant with the appli-
cation. This helps to get an overview if there is a signif-
icant disagreement between any participant compared to
the other participants and the application.
Figure 7.9 shows the confusion matrices as well as a bar Visualizing the
agreement using
confusion matrices
and bar charts
chart making it easier to interpret this data. Blue bars in-
dicate agreement whereas red bars indicate disagreement
on events. Whereas six participants show an overall high
agreement with the application, participant 3 and 6 dis-
agreed with application on many events. For both, most
events include a report by the participant and no report by
the application. Because no other participant in their group
shows such a strong disagreement with the application, this
is an indicator that participant 3 and 6 are outlier and are
responsible for most of the single reports.
The confusion matrices can be further research by using Analyze confusion
matrices using
Fisher’s Exact Test
Fisher’s Exact Test(Field [2005]) to prove that there is an
association between participants and application. Table 7.2
114 7 Evaluation
TRUE	   FALSE	   TRUE	   FALSE	   TRUE	   FALSE	   TRUE	   FALSE	  
Par-cipant	  5	   Par-cipant	  6	   Par-cipant	  7	   Par-cipant	  8	  
App	  TRUE	   12	   2	   25	   3	   17	   4	   19	   4	  
App	  FALSE	   2	   15	   25	   3	   6	   9	   8	   16	  
0	  
5	  
10	  
15	  
20	  
25	  
30	  
TRUE	   FALSE	   TRUE	   FALSE	   TRUE	   FALSE	   TRUE	   FALSE	  
Par-cipant	  1	   Par-cipant	  2	   Par-cipant	  3	   Par-cipant	  4	  
App	  TRUE	   7	   1	   9	   2	   7	   2	   4	   1	  
App	  FALSE	   2	   7	   4	   12	   13	   3	   3	   10	  
0	  
2	  
4	  
6	  
8	  
10	  
12	  
14	  
Figure 7.9: Confusion Matrices to research the agreement between participant and
application on all events. The first chart visualize the results for the first group and
the second one for the second group of participants
lists the resulting p-values. As expected, there exists a sig-
nificant agreement between participant 1, 2, 4, 5, 7, 8 and
the application (p-value < 0.05). Only for participant 3 and
6, the null hypotheses, that there is no agreement, could not
be rejected. Therefore, participant 3 and 6 are assumed to
be the outlier in each group and their reports have to be
viewed with caution when investigating the detection rate.
Fisher’s Exact Test P1 P2 P3 P4 P5 P6 P7 P8
p-value < 0.015 0.006 1.0 0.047 0.001 0.671 0.023 0.001
Table 7.2: P-values of the Fisher’s Exact Test using a two a two-sided hypothesis to
test whether an association between each passenger and application reports exists
How do these two participants effect the overall detectionTwo participants
generated 61% of all
single presses
rate? Reviewing all events revealed that in fact those two
were responsible for 61% of the generated events that were
only reported by one passenger. Regarding the differen-
tiated driving actions, those are responsible for all single
reports regarding acceleration and 62.5% regarding decel-
eration events.
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As shown in figure 7.8, removing the two outlier from the
set of all events increases the detection rate to 67%. Remov-
ing the events reported with a strength of 1 and in addition
removing events only participant 3 or 6 reported, the detec-
tion increased up to 86%, with a detection of 96% of events
reported by all passengers and 85% of events reported by
two passengers. From this high overlap it can be conclude
that H1.2 is confirmed in the majority of cases.
Discussion
Talking to participant 3 and 6 about their reporting behav-
ior regarding acceleration events revealed interesting in-
formation. Participant 3 stated that he also reported driv-
ing actions like speeding or any other dangerous situation
by pressing one of three acceleration buttons. Participant
3 as well as 6 stated that they also based their decision,
whether to report or not, on the engine sound. Although
the sound can be related to unnecessary acceleration and
badly operating gas and clutch, as long as no strong accel-
eration in terms of g-force happen, the driving action can-
not be detected by the application nor it can be related to
unsafe driving. Nonetheless, acceleration events should be
investigated closer in future work, since they were rarely
reported and caused problems throughout all experiments
and test drives.
To improve the detection rate, events reported with a Investigating missed
events to improve the
detection rate
strength of 3 or events reported by more than one passenger
are further investigated. This includes all events in the set
where outlier and events with a strength of 1 are removed.
One cornering event reported by all passengers, whereas
two reported it with a strength of 2, was not detected by
the application. Reviewing the sensor data for this event
shows that the g-force measured had a peak of 0.11g and
in consequence is not detected by the application. A reason
that all passengers reported it could be the relative high ro-
tation rate indicating that it was a tight curve. Although
high rotation rates does not imply a strong driving action,
in future work, the combination of the height in rotation
rate and measured g-force can be used in the classification
process.
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The missed events do not include any report with aMissed events’
g-forces were far
lower than the lower
boundaries
strength of 3. Regarding all events where two passengers
reported it with a strength of 2, the g-force levels were over-
all far lower than the defined lower boundaries. Lowering
these to that level represents no option because it would
cause the system to report almost every driving action. It
is concluded that the decision to report the driving action
was based on external event the application can not detect.
Conclusion regarding H1
Because H1.1 and H2.2 are confirmed, H1 is confirmed as
well. The evaluation could successful prove the applica-
tions reliability and, after filtering out events that are not
necessarily related to the excessive driving actions, a high
detection rate and thus a high overall overlapping between
the passengers perception and the application.
Investigating Rating Agreement
This evaluation will focus on the rating each trip has re-
ceived. As mentioned, each participant received four rat-
ings, one system rating ranging from 0-100 and three pas-
senger ratings ranging from 1-10. Figure B.1 shows a box-
plot including the minimum and maximum rating as well
as the mean rating each participant received from his pas-
sengers.
The participants shared a common mind regarding the rat-Passengers chose
similar ratings ing. In each of the 8 trips, the ratings do not differ by more
than two points and in 7 of 8 trips two passengers even
chose the same rating. The fact that the ratings are all very
close suggests that the rating each passenger chose is ap-
propriated.
H2: Application and passengers rank the drivers in the
same order
The system should represent a passenger’s perception and
judgment about a certain driver and his driving style. As
mentioned, each participant was a passenger in 3 trips.
Therefore, it is researched if there is a correlation between
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Figure 7.10: Visualizing the minimum, maximum and mean rating each user re-
ceived for his driving by the passengers
the application’s and the passenger’s ratings. It is not im-
portant that the passenger’s rating matches the applica-
tion’s rating in numbers. It cannot be expected that the pas-
sengers match the application rating in numbers because he
does not know about its calculation. In addition, the pas-
sengers can only choose from 10 different ratings making it
highly unlikely that the ratings match each other. It is more
important that they ranked the drivers in the same order.
This is achieved by calculating the Spearman’s rank corre- Ranking the drivers
based on their ratinglation coefficient rs (Myers and Well [1995]). It is a non-
parametric statistical method that investigates the correla-
tion between two variables. The coefficient suggests how
strong the relationship between two variables can be de-
scribed by a monotonic function. The result ranges from
−1 to 1. Reaching 1 or −1 means that the variables build a
perfect monotone function. Instead of using the variables
directly, the variables are ranked in relation to each other.
Then the Pearson product-moment correlation coefficient
is calculated.
Table 7.3 shows the ratings given by the passengers as well 7 of 8 participants
show strong
correlation
as the related ratings given by the application for the same
trip for user group 1. A Spearman’s rank correlation co-
efficient of 1 suggests that there is a significant correlation
between participant 1, 2, 4 and the application. This means
that the passengers ranked the drivers in the same order.
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Group 1 Participant 1 Partipant 2 Participant 3 Participant 4
Prating 5 8 10 6 7 9 7 6 10 7 8 9
Prank 1 2 3 1 2 3 2 1 3 1 2 3
Arating 54.6 86.5 100 54.6 72.8 86.5 54.6 72.8 100 72.8 86.5 100
Arank 1 2 3 1 2 3 1 2 3 1 2 3
rs 1 1 0.5 1
Table 7.3: Calculating the Spearman’s rank correlation coefficient (rs) between par-
ticipant and application. It compares the rating given by each passenger (Prating),
to the related application rating (Arating).
Compared to the application, Participant 3 three ranked the
drivers differently. Whereas participant 3 and the applica-
tion ranked equal regarding the best trip, the ranks for the
other two trips are swapped.
Group 2 Participant 5 Participant 6 Participant 7 Participant 8
Prating 4 9 7 5 6 3 5 9 4 10 7 3
Prank 1 3 2 2 3 1 2 3 1 3 2 1
Arating 43.2 87.4 44.1 43.2 44.1 19.0 43.2 87.4 19.0 87.4 44.1 19.0
Arank 1 3 2 2 3 1 2 3 1 3 2 1
rs 1 1 1 1
Table 7.4: Calculating the Spearman’s rank correlation coefficient between partic-
ipant and application. It compares the rating given by each passenger (Prating), to
the related application rating (Arating).
The Spearman’s rank correlation coefficient is calculated for
group 2 as well. The values are presented in table 7.4. Look-
ing at the correlation coefficient it shows that there is a sig-
nificant correlation between all participants and the appli-
cation regarding the rating.
In summary, a significant correlation between 7 passengersConfirming H2 based
on a significant
correlation in 7 of 8
cases
and the application. Only the ratings of one passenger do
not correlate with the application. Nonetheless, the hy-
potheses, that there is an association between passengers
and application regarding the rating, could be confirmed.
Discussion
Since the system was in line with all other participants, it
is investigated if a reason can be found that caused partic-
ipant 3 to rank the mentioned two trips differently com-
pared to the application.
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Participant 3 was the only one that rated trip 1 higher (7) Investigating the
rating behavior of
participant 3
than trip 2 (6) (table 7.3). This ranking could be the result
of participant 3 really perceived trip 1 to be better than trip
2 and thus has less reports for trip 1. Looking at figure 7.11
it is clear that this is not the case. Although trip 1 includes
more reports in total and as well more or the same number
of reports for each strength as trip 2, it was higher rated.
Talking to participant 3 about this inconsistency he stated
that he can not remember what causes his decision. Thus,
it cannot be determined if the difference is caused by an
inconsistent rating behavior of participant 3 or that other
external factors, that could not be reported, happen in trip
2, resulting in an overall lower rating.
H3: Passenger base their rating on the number of reports
This hypotheses aims to show that passengers base their
decision about the rating on the number of reported inci-
dents, like the application does. Figure 7.11 displays a bar
chart comparing the number of reports to the assigned rat-
ing. The number of reports is further distinguished by their
strength. At first sight, a higher number of reports seems to
result in a lower rating of the trip for most of the passen-
gers. This suggest a high correlation between the number
of reports and the rating.
Pearson Correlation Spearman’s Rank Correlaton
r-value p-value < r-value p-value <∑
Reports -0.840 0.001 -0.845 0.001∑
Weighted reports -0.858 0.001 -0.890 0.001
Table 7.5: Using Pearson and Spearman’s Rank Correlation Coefficient to investi-
gate if the is a relation between the number of reports and the assigned rating
To prove that there is a correlation in general, the Pearson There is a significant
correlation between
the number of
reports and the rating
product-moment correlation and the Spearman’s rank cor-
relation coefficient, using the 24 data pairs of numbers of
incidents and ratings gathered from the participants, are
calculated. As shown in table 7.5, there exists a significant
correlation between the number of reports and the rating
(p-value < 0.01). Therefore, the null hypotheses that there
is no association, can be rejected and the hypotheses is con-
firmed. In addition, the negative coefficient shows that a
higher number of reports cause the rating to decrease.
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The sum of reports does not account the strength of the re-
ports. To do this the sum of reports is calculated by weight-
ing each report with its reported strength. This causes the
correlation coefficient to approach−1 further, indicating an
even stronger correlation. This lead to the conclusion that
the participants additionally account the strength of their
reports when deciding the rating.
It is important to note that the high correlation could be
caused by actively require the passenger’s to report inci-
dents. Nonetheless, the high correlation does not indicate
that the approach, to base the rating on the number of re-
ports, is wrong.
Discussion
In the system designing process and especially in the deci-
sion how the rating should be calculated, a degressive func-
tion was assumed to be the best (5.3—“Rate Driving”). Be-
cause there is a significant correlation between the rating
and the number of reports, it is possible to use the gath-
ered data to research if the degressive function really per-
forms better compared to the linear one. Ratings are calcu-
lated based on the reports using the degressive and the lin-
ear function to reveal which fits the user’s expectation the
best. Because application and passengers rated on different
scales, the ratings calculated are transformed to match the
passenger’s scale.
Table 7.6 compares the participant’s rating to the calculated The degressive
ratings match the
actual ratings better
rating using both functions. The ratings of the degressive
function are very close to the actual rating each participant
assigned. Scaling up the rating the participants assigned
with a factor of 10 to match the application’s rating interval,
the average in difference is 0.8432 (standard deviation σ =
0.83839) points for the degressive and 1.9277 (σ = 1.67646)
for the linear approach.
This shows that under the current settings, the degressive
function fits the participant’s mental model the best. Even
for trips with many incidents (trip 8 figure 7.11), passengers
seem to avoid assigning very low ratings. This confirms
that a degressive rating computation fits a passenger’s rat-
ing model. It is important to note that a rating of 1 actu-
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Participant 1 Participant 2 Participant 3 Participant 4
Rating 5 8 10 6 7 9 7 6 10 7 8 9
Linear* 4.5 6.4 10 4 5.1 8.5 1 2.3 8.9 6.7 8.5 10
Degressive* 6.1 7.2 10 5.8 6.3 8.6 3.3 5 9 7.3 8.6 10
Participant 5 Participant 6 Participant 7 Participant 8
Rating 4 9 6 5 6 3 5 9 4 10 6 3
Linear* 2.1 9 4.5 1 1 1 1 9 1 9.5 2.7 1
Degressive* 5.0 9 6 4.2 3.4 2 4.4 9 2.5 9.5 5.1 2.6
Table 7.6: Participant’s ratings compared to the rating that would have been cal-
culated by using the degressive and the linear function presented in 5.3—“Rate
Driving”. The * indicates that the calculated ratings are transformed to match the
passenger’s scale from 1-10
ally indicates a rating where the linear function calculated
a value below 0.
Of course these ratings are highly controlled by the value
defining the maxAllowedPenaltiesPerSecond and adjust-
ing this value could improve the average distance of the
linear rating. The fact that the current ratings using the de-
gressive function are so close to the actual rating suggest
that there is no reason for changing the value. In addition,
in the underlying case such an adjustment would be diffi-
cult since the number of reports for two trips were so high
that an adjustment of maxAllowedPenaltiesPerSecond, in
way that the linear rating matches the passenger ones,
would cause all other trips to receive a rating close to 100.
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Chapter 8
Summary and Future
Work
“The best way to predict the future is to invent
it”
—Alan Kay
This chapter will give a brief summary over the thesis in
two sections. The first section will repeat the goals of the
thesis and will summarize which of these goals could be ac-
complished. Afterwards it explains who could benefit from
such an application and where it could be used. The second
section points out interesting futere topics and work.
8.1 Summary and Contribution
Car accidents are responsible for many injuries and death
all over the world. Several approaches and studies were
conducted with the aim to identify contributing factors
in car crashes. The 100-Car Naturalistic Driving Study
was the first study that could find a relation between
the frequency a driver reaches certain g-force levels and
his involvement in crashes, near-crashes and incidents.
The How’s my Driving placard could successfully reduce
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crash rates and costs in commercial fleets by reducing the
anonymity of the driver in traffic. In the last years, smart-
phones have become common and due to increasing pro-
cessing power and possibilities, they developed to an inter-
esting platform. In addition, mobile applications represent
a great way to reach a lot of people.
This thesis aimed to research how modern smartphonesAnalyze driving from
a passenger’s point
of view
can be used in the driving environment to analyze driv-
ing behavior. Whereas other approaches use smartphone
in combination with additional hardware, this thesis stud-
ied which problems and challenges have to be faced when
using a smartphone only. The thesis investigated the pos-
sibilities modern smartphones offer and how these can be
used to analyze and generate feedback concerning the driv-
ing performance from a passenger’s point of view.
A mobile application was developed to analyze and rateA mobile application
providing real-time
feedback
driving behavior. The application was developed for an
iPhone 4 and only uses its internal sensors. The system
differentiates between four kinds of incidents: acceleration,
deceleration, cornering and speeding. It is able to provide
real-time feedback as well as it allows the driver to evalu-
ate his trips later. Incidents detected by the system are vi-
sualized on a map allowing the user to see what happened
when and where. Based on the detected incidents, each trip
receives a unified rating ranging from 0-100. This makes
a quick estimation of the driving performance possible as
well as it provides an easy way to compete with others.
The thesis includes two user experiments. The first aimedInvolving
experienced drivers
in the classification
process of good and
bad driving actions
to determine lower g-force boundaries and to identify pat-
terns that indicate a faulty driving actions regarding accel-
eration, deceleration and cornering. Involving experienced
drivers in this process allowed a calibration of the system
in a way that the application developed to an objective pas-
senger, observing and rating the driving behavior.
The second experiment was conducted to validate the sys-
tem. The system was tested under real driving conditions
and its reports are compared to those of other passengers
in the car. The experiment could successfully show that
the system is able to compute reliable and accurate results
under real driving conditions. In addition, it validates the
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decisions and previously estimated values used by the sys-
tem.
In summary, this thesis could successfully build a mobile
application that can detect and visualize inappropriate and
unsafe driving actions regarding acceleration, deceleration
and cornering. Since the application does not require ad-
ditional hardware or any other kind of installation, it can
be used by everyone owning an iPhone 4 or higher. Ac-
tually, the system could be implemented for every mobile
platform and would operate on every device that includes
an accelerometer, a gyroscope and a GPS sensor.
Use Cases
The application represents a low cost system to rate driv- Educating drivers
ing from a passenger’s perspective and as such, several ar-
eas of application are imaginable. The application could be
used to educate professional drivers. For example a pack-
age delivery company could hand out the application to
new drivers or install it on the driver’s smartphone. The
application could be modified in a way that it is possible to
change the defined lower boundaries for each driving ac-
tion. The company’s fleet manager could define g-forces
that should not be exceeded. By the application’s real-time
feedback it would be possible for the new driver to adapt
his driving according to fit the fleet managers expectations.
This allows an easy and cheap way to introduce the new
driver to the companies rules without another person be-
ing involved.
Another use case could be the long term observation of
drivers. The calculated rating could be used to build leader-
boards and rankings between drivers within a company or
a group and motivates them to avoid driving actions result-
ing in an incident detected by the application. A similar
approach to this is 3.8—“DriveCam”. The advantages of
the application in contrast to DriveCam are the low costs.
Another disadvantage of the DriveCam device is that it be-
longs to certain car. The smartphone on the other hand is a
personal device which belongs to the driver. When chang-
ing the car, the driver is able to take his smartphone and
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thus the application with him. In addition, the application
could be enhanced by reporting incidents in the moment
they appear. Additionally uploading location based infor-
mation would make it possible to build a real-time track-
ing system allowing a third party to observe drivers in real
time.
Especially teenage drivers represent in matters of car ac-Allow parents to
observe their
children’s driving and
enabling fair
insurance rates
cidents. Parents show a huge interest in finding a way to
observe their children while they are driving alone. By us-
ing this application, parents can evaluate their children’s
driving by installing the application on the teenager’s mo-
bile phone and provide them with some kind of driving
teacher. The system could be further enhanced by send-
ing reports to the parents summarizing each trip after the
teen’s destination has been reached. Insurance companies
on the other hand could make use of such an application to
lower the insurance rates of drivers with high scores. This
would create fair insurance rates based on the customer’s
driving behavior of the customer instead of using demo-
graphic aspects. This could be a motivation for drivers to
drive properly and safe, and could result in an overall more
appropriate calculation of insurance rates. Although this is
theoretically possible, the reliability of the application have
to increase a lot before insurance companies can use them.
In addition, the application is very susceptible to manipu-
lations because of the none fixed device position.
At last, the application can be used by individuals. It can be
used to track all trips and represent a motivation to drive
safe and attentive. This driving style gets rewarded with
high scores and achievements. The user can additionally
use the time he spends driving to improve his own driv-
ing behavior. Therefore, the education process includes no
additional time expense.
8.2 Future Work
This thesis represents a first step in making use of the grow-
ing smartphone distribution in the traffic environment. Us-
ing a mobile phone in the car offers many challenges and
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includes many interesting topics that could be worth fur-
ther investigation.
Detect additional incident types
Currently, the system differentiates between three kinds of
incidents named acceleration, deceleration and cornering.
Future work should investigate which driving actions can
be added to this list and if the current incident types can be
further classified. Cornering incidents for example could
be divided into subtypes of 90 or 180 degree turns. Addi-
tional events could be swiping or any other driving action
that could possibly be detected by using the smartphone’s
internal sensors.
Another interesting topic would be to review sensor data
in a larger context and investigate if patterns can be found
that can be related to unsafe driving. These patterns could
be used to overall classify the drivers attitude in addition
to the rating.
Bring context to the device
When judging certain driving actions only by evaluating g- Enabling context by
the using the
smartphones
cameras
force and rotation rate data, the missing context is a prob-
lem. The application does not know the situation of the
driver which could lead to false reports. Whereas sharp
turn-takings and strong acceleration can always be consid-
ered as unnecessary, this does not apply for deceleration
actions. There might be situations were strong braking is
needed and the driver had no chance to avoid it. An ex-
ample of this kind of situation could be a child suddenly
running on the street. Although these situations are very
rare, the system would create an incident and deduct points
for it. Whereas recognizing and visualizing the incident is
not wrong, reducing the driver’s rating is. Instead of acting
unsafe, he possibly prevented an accident.
The system should be enhanced to differentiate between
incidents where the driver is at fault and those where he
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is not. The rating should then represent the evaluation of
incidents caused by the driver. The device used in 3.8—
“DriveCam” solves this context problem by making use
of several cameras installed inside. The device constantly
records video material that can be reviewed to learn more
about the context. Most smartphones, as well as the iPhone
4, are equipped with at least one camera. This camera could
be used to gain information about the current context and
conditions the driver is in. Placed in a car mount, the cam-
era at the back of the iPhone would be oriented in driving
direction. The camera images could identify the distance
to objects in front of the car and could additionally identify
suddenly appearing objects. Knowing the distance would
allow the application to identify further incidents like tail-
gating and driving too close to the car in front. In addition,
this feature could solve the problem of identifying braking
incidents where the driver is not at fault.
Sustainability
In times of rising energy costs, sustainability is becomingEnhance the
application with a
second rating about
sustainability
more and more important. To integrate an analysis of driv-
ing in terms of sustainability was already mentioned in
4.1—“Initial Design Ideas”. Future work could focus on
finding a way to use accelerometer and gps-sensor data
to determine unnecessary driving actions that cause higher
fuel consumption.
In addition to the rating regarding safety, the applica-
tion could be enhanced by computing a rating regarding
sustainability. New ecological incidents would be added
which visualize trip sections and events that can be related
to fuel wastage.
Research should focus on whether and what kinds of
events and patterns can be determined by observing the
smartphones internal sensors. The challenging part will
be how accurate a generalized prediction regarding sus-
tainability can be estimated without additional information
about the car and the current context. Nonetheless, safety
should always be more important than sustainability. This
means that reaching a high ecological rating should not af-
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fect safety in a bad way.
Bring the application to other vehicles
The application was build and tested for the use in cars.
Adding support for additional vehicle types would in-
crease the number of possible users. Actually, the appli-
cation could already be used in any kind of vehicle, but it is
important to note that using the application in vehicles that
are very different compared to a car, could require other
filtering and rating algorithms.
Future work should concentrate on evaluating the use of Determining lower
boundaries and
patterns for other
vehicles
the application in other vehicle types. The research should
focus on determining the lower boundaries and eventu-
ally finding new incidents based on the vehicle type. One
interesting research could be the evaluation of such an
application in buses. The fact that buses are responsi-
ble for transporting people fits the applications idea and
purpose. When searching for incidents and determin-
ing lower boundaries, the research should differentiate be-
tween people standing and sitting. Testing this application
in buses could additionally reveal interesting information
about how professional drivers react and use such a sys-
tem. The final system could be handed out to several bus
drivers to validate the system and research its competitive
aspects.
Another interesting area are motorcycles. Riding on a mo-
torcycle is more dangerous than driving in a car. Compar-
ing the risk of a fatal crash for car drivers and motorcyclists
revealed a 16 times higher rate of serious injuries per 100
million vehicle kilometers1 . These numbers increase the
importance to prevent accidents in the first place. Future
work should focus on finding driving behaviors that lead
to those accidents and research the possibilities to identify
those using a smartphone.
1http://www.milemuncher.com/dft rdsafety 035422.pdf
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Long term study and application effect
In the end, the application should help to identify danger-Investigating whether
or not the application
can cause a change
in driving behavior
ous and unsafe driving behaviors and actions. This should
help the user to improve his driving behavior. The thesis
presents a first step in that direction. Future work should
try to determine the effect of this application in a larger
scale. Especially if and how the driving behavior is affected
by using this application.
Since this evaluation requires a long term study, it cannot
be examined in a controlled experiment. It rather requires
to analyze the participants driving prior to handing out the
application to determine any changes. The high amount
of independent variables makes this evaluation even more
difficult.
Future work should focus on how such an experiment can
be designed and especially how the independent variables
can be limited. This is important to allow later analysis to
make conclusions about whether or not the application was
able to change the driving behavior.
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Appendix A
User Questionnaire
Fragebogen zum Erfassen Persönlicher Daten 
 
Teilnehmernummer :  
 
1.1 Wie alt sind Sie? 
  Jahre 
 
1.2 Welches Geschlecht haben Sie? 
☐ Männlich   ☐ Weiblich 
 
1.3 Wie lange sind Sie im Besitz einer gültige Fahrerlaubnis? 
Jahre 
 
1.4 Was für ein Fahrzeug besitzen Sie? 
☐ PKW   ☐ Motorrad     ☐Anderes   ☐Kein Fahrzeug 
 
2.1 Wie oft fahren Sie? 
☐ Täglich   
☐ Mehrmals die Woche   
☐ 1-2 mal die Woche   
☐ Unregelmäßig   
☐ Garnicht   
2.2 Ich fahre überwiegend alleine: 
Trifft nicht 
zu 
   Trifft zu 
☐ ☐ ☐ ☐ ☐ 
     
 
 Wo fahren Sie am häufigsten? 
3.1 Autobahn: 
Sehr Selten    Sehr Oft 
☐ ☐ ☐ ☐ ☐ 
     
3.2 Landstraße: 
Sehr Selten    Sehr Oft 
☐ ☐ ☐ ☐ ☐ 
 
3.3 Innenstadt: 
Sehr Selten    Sehr Oft 
☐ ☐ ☐ ☐ ☐ 
 
3.4 Innerorts: 
Sehr Selten    Sehr Oft 
☐ ☐ ☐ ☐ ☐ 
 
4.1-4.3 Wie schätzen Sie ihren Fahrstil ein?   
Unsicher    Sicher 
☐ ☐ ☐ ☐ ☐ 
  
Unruhig    Ruhig 
☐ ☐ ☐ ☐ ☐ 
 
Langsam    Zügig 
☐ ☐ ☐ ☐ ☐ 
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Appendix B
User Test Results
136 B User Test Results
Figure B.1: Results of the questionnaire. The chart displays min and max value as
well as the median of the given answers. The box shows the quantil between 25%
and 75%
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Appendix C
Storyboards
138 C Storyboards
Figure C.1: A storyboard describing a situation where the application is used to
control a certain driver
139
Figure C.2: A storyboard describing a situation where the application is used to
control a certain driver
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